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SYNOPSIS 
The.influence of cure temperature, in the range 140-2000 C, on 
the network structures of pure gum NB vulcanized with sulphenamide-
accelerated sulphur systems is established. Cure systems 
investigated include three proportions of CBS'-sulphur and variation 
of the .type of sulphenamide at a fixed molar concentration. 
Vulcanizates are characterized in terms of (a) the chemical 
crosslink density, (b) the distribution of mono- di- and poly-sulphidic 
crosslinks, (c) the extent of main-chain modifications by cyclic 
sulphides and pendent accelerator groups and (d) the formation of 
zinc sulphide. An apparatus has been constructed to measure 
accurately the stress-strain property of rubber vulcanizates at low 
strains, from which reliable chemical crosslink density can be 
estimated. A method is suggested for calculating the amount of 
'" '" 
sulphur present in pendent accelerator groups and in cycliosulphides. 
o Results show that raising the cure temperature from 140 C 
produces a network with a lower chemical crosslink density and 
with increased proportions of sulphidic main-ohain modification and 
zinc sulphides. This loss of chemical crosslinks at higher cure 
temperatures is irreversible, as shown by a bi-thermal vulcanization 
experiment. For an inefficient vulcanization system (low CBS/high 
sulphur), the decrease in chemical crosslink density is mainly due 
to the disappearance of polysulpbidio crosslinks, and is accompanied 
by a large increase in the cyclic sulphides. Furthermore, at the 
* N-cyclohexyl-2-benzothiazylsulphenamide 
maximum level of crosslinking. the proportional loss of chemical 
crosslinks with rising cure temperature is independent of the type 
of sulphenamide used in the mix. For an efficient vulcanization 
system (high CBS/low sulphur). higher cure temperatures cause 
a considerable drop in the monosulphidic crosslink density, in 
spite of the rapid desulphuration of polysulphidic crosslinks, and 
also bring about a large increase in the pendent accelerator 
groups. 
The possibility of main-chain scission during vulcanization 
. at 140-2000C is examined by quantitative analYSis of sol-gel data, 
and a negligible extent of chain scission is found to occur. The 
change in the elastic constant values with the onset of the finite 
extensibility effect appears to confirm the absence of chain 
scission during vulcanization. 
An attempt is made to correlate the network structures formed at 
. higher cure temperatures with the physical properties. Several 
useful ways to obtain high temperature vulcanizates with better 
performance by modification of the cure systems are suggested. 
Mechanistic interpretations of the network structure results 
reveal that the network formation at higher cure temperatures 
..... ' 
cannot be solely governed by the maturing reactions of 
polysulphidic crosslinks. Mechanisms are postulated to 
rationalize the experimental findings in terms of (a) 'the effective 
solubility and reactivity of the accelerator-activator complexes 
,and (b) the maturing reactions of the rubber-bound intermediates. 
It is concluded that the influence of higher cure temperatures on 
these intermediates, prior to crosslink formation, could be 
important. 
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PREFACE 
In this thesis, the contribution in the way of original 
work of the author will be systematically presented in the 
following order:-
Chapter I introduces the objectives of the investigation 
and reviews the relevant literature. ~he experimental methods 
used throughout the work are recorded in Chapter 2. Chapters 3-7 
describe the experimental findings as they are related to each 
specific feature of a vulcanizate network. Chapter 8 attempts 
to correlate the network structures as suggested by the above 
study with the physical properties, and finally a mechanistic 
interpretation of the results as a whole is considered in 
Chapter 9. 
In the above approach to the presentation of the work, 
it was considered desirable to add to each of the Chapters 3-8 
a discussion and conclusion rather than to assemble all the 
facets of a complex subject in one concluding chapter. 
The SI equivalents for the units used in this thesis 
are given as follows:-
Unit SI Equivalent 
I dyne/cm2 10-1 N/m2 
1 mole/g. 103 mole/kg. 
1 atom/g. .103 atom/kg. 
degree Celsius, °c (~/oC+273.15)K 
1 inch pound 1.15xI02mkg. 
,. 
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CHAPTER 1 
1. INTRODUCTION 
1.1 Objectives of investigation 
To increase productivity and limit expenditure on capital 
equipment, ,interest has been aroused, among various,rubber 
manufacturers in the practicality of reducing the cure time 
by elevating the cure temperature. The use of high ,temperatures 
is essential for the production of solid extruded vulcanizates 
by the LCM (liquid curing medium) process. With the important 
aavent of injection moulding of rubbers, the trend towards 
high temperature vulcanization will evidently continue. 
The response of various rubber mixes to high temperature 
vulcanization has been studied by the authorl and othera~-4. 
These investigations have shown that high temperatures 
generally produce vulcanizates with inferior physical 
properties; particularly is this so in the case of natural 
rubber (NR). This deterioration of properties can to a large 
extent be remedied by selection of a ~uitable curing system, 
\ but a more fundamental study of theNR vulcanizate network 
structures, which are formed at different vulcanizing temp-
eratures, is required to explain these results. 
The work to be described in 'this thesis was undertaken 
wi th t,he following objectives:-
(1) To ascertain the influence of cure temperature on the 
network structures of various sulphenamide-accelerated 
·t' . 
sulphur-:NR systems.' 
• (2),Tocorrelate the structures with physical properties, in 
" 
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order to establish what modifications in compounding formulat-
ions would produce high temperature vulcanizates with better 
performance. 
(3) To interpret the structural results mechanistically so 
as to throw some light on the chemical reaction associated 
with reversion at high cure temperatures. 
The structural features, which were considered to be 
important requiring assessment in this work, include (a) the 
chemical crosslink density, (b) the distribution of sUlphur 
crosslink types, (c) the modification of the rubber chain by 
intramolecular sulphidic groups, (d) the formation of ionic 
sulphide as extra-network material, and (e) the scission of 
rubber chains,during vulcanizatio~' 
The sulphenamide-accelerated systems were selected for 
this study because of their wide usage in the industry and 
their.excellent scorch-delayed action. The compounding 
variations in the vulcanization systems employed in this 
~ .... ".F "re"":' 
.work to be described are (a) 'variation of the contents of 
N-cyclohexy~-2-benzothiazylsulphenamide (eBS) accelerator 
and sulphur ~nd (b) variation of the type of sulphenamide. 
at.a fixed molar concentration. 
Ths range of temperatures investigated is l40-2000e. 
The lower limit represents a cure temperature conventionally 
employed in most industrial vulcanization processes. The 
upper limit of 2000e is the maximum temperature suitable for 
accurate handling during press curing. In ·the context of this 
thesis, high temperature vulcanization signifies the temperature 
range of lBO-2000 e.·'c 
/ 
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1.2 Relevant literature on high temperature vulcanization of 
elastomers. 
This brief review presents some of the important conclu-
sions'to be drawn from the published work on the high tempera-
ture vulcanization of general purpose rubbers with,special 
emphasis on that related to NR, because of its relevance to 
the present study. 
1.2.1 Curing characteristics 
Two'requirements essential for satisfactory vUlcanization 
of rubber mixes at high temperatures are scorch safety and 
resistance to reversion during curing. If the scorch time is 
too short, the mould will not be fully filled, and the resulting 
vulcanizate will tend to be distorted. This tendency to premature 
... . 
vulcanization has been .observed td'be greatest in NR mixes, 
and least in mixes based on styrene-butadiene rubber (SBR)1-3 
and nitrile rubber (NBR)5. 
Resistance to reversion is particularly important for 
thick products because the outer layer of the rubber vulcani-
zate can be overcure'd, before its inner section achieves the 
required state of cure. High t'emperature vulcanization is 
more easily adaptable to the moulding of thin articles since 
the heat transfer to the centre of the rubber moulding is less 
of a problem. 
1.2.2 Physical properties' 
Work by the authorl has shown that high temperature 
vulcanization brings about a decrease in the tensile stress 
at break, modulus, tear strength, resilience and hardness of 
the vulcanizates of NR, SBR and BR (polybutad1ene rubber), as 
well as their blends. These deleterious effects are most marked 
- 4 -
in the case of NR and least in the case of SBR. Some NR samples 
cured at 2000 C and above have a sticky surface and possess 
serious porosity. Results on blends suggest that if a small 
reduction of physical properties were to be acceptable, a 
suitable blend could be selected to provide high intrinsic 
physical properties from one component, and strong thermal 
stability from the other (see attached. publication in Appendix 1). 
These conclusions are in agreement with the work of Morichaud2 , 
pyne3 and Smith4. 
The therma1-oxidative ageing and fatigue properties of 
, 
high temperature vu1canizates are not adequately known. Future 
research into these areas would certainly be valuable. Some 
data were obtained by the author regarding the effect of cure 
temperature on the flex cracking in an outdoor atmosphere, and 
the ozone cracking of a conventional NR tyre tread mix (i.e. 
, . 
2.5 phr sU1phur/ 0.5 phr CBS)l. One interesting conclusio'n is 
that'high temperature vu1canizates show better resistance to 
flex cracking than vu1canizates cured' at 1400 C. In support of 
this finding, Shvarts and coworkers reported that raising the 
cure temperature from 1430 C to 1830 C brought about an increase 
in the puncture growth resistance and in the flex-fatigue life 
of e1astomer blends (PB/SBR) vulcanized with a su1phur/2-(N-mor-
pholinothio) benzothiazole system. This enhancement in flex 
cracking has been attributed to the stress.relaxation caused 
by the lower crosslink density6. An insight into the network 
structures of these high temperature vulcanizates would provide 
a clearer explanation, 
<:' •••• 
( 
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1.2.3 Compounding modifications for high temperature vulcanization 
(a) Scorch safety. The consideration of the cure systems 
for scorch safety at high temperature vulcanization often depends 
on the curing process to be used7,8. For instance, the best 
method of obtaining short cures of relatively thick mouldings 
by injection is to use the highest possible injection temperature 
consistent with freedom from scorch in. the barrel or mould. This 
is because high injection temperature allows the minimum of 
time delay in mould heating7. To achieve the freedom from scorch, 
the use of delayed-action accelerators like sUlphenamides is 
highly desirable. Recently developed retarders like PVI 
[(N-cyclohexylthio)phthalimide9] would enable higher barrel 
temperatures to be employed. 
(b) Resistance to reversion. Efficient vUlcanization/(E.V.) 
systems, which utilise sUlphur efficiently in crosslinking, 
have been advocated to eliminate reversion as usually encountered 
in injection mouldinglO-12 and continous extrusion13 • Several 
. 14-16 
methods have been developed to achieve these E.V. systems • 
They includEi the use of sulphur donor systems, the ·use of 
increased ratio of accelerator to elemental sulphur, and the 
\ use of a synergistic combination of accelerators. 
Non-sulphur systems which involve the use of peroxide, 
paraquinone,dioxime·and resins have been found to provide 
superior resistance to reversion. The disadvantage of using 
these non-sulphur systems is that vulcanization often begins 
prematurely once the mixes are raised to 200oC2 • 
(c) Physical properties. From his assessment of physical 
properties, the author found that .the conventional cure system, 
as used in the NR tyre tread compound, was unsuitable for high 
- 6 -
temperature curingl. This conclusion is well supported by the 
work of Morichaud2 , Pyne} and Smith4. A study of a series of 
NR mixes with varying contents of sulphur and CBS suggested 
that for vulcanization at 180-220oC, a mix with 1.5 phr of 
sulphur and a higher CBScontent was most suitable to obtain 
a ~evel of physical properties comparable to those of a conven-
tional mix vulcanized at l40oCl • Other. workers have.reported 
that a good level of physical properties from high temperature 
vulcanizates was also obtained when the E.V. systems were used},7. 
Recently, it was shown that)at high cure temperatures, the 
triazine accelerators had considerably less tendency to revert 
and gave better physical properties than the commonly used 
sulphenamides like CBS17 ,18. Thus, this class of triazine 
accelerators should be considered in the'selection of cure 
systems for high temperature vulcanization. 
Another group of curatives (the peroxide, p-quinone 
dioxime, phenolic resins and maleimides) deserves some consi-
deration. These non-sulphur systems have the attractive feature 
that the physical properties of the vulcanizates are independent 
of the curing temperature19 • Their. ageing behaviour is superior 
but the disadvantage is that the vulcanizates have low tear 
strength, low crack growth resistance and high heat build up. 
. ~ 
Some improvements in these defects have been forthcoming • 
(d) Porosity and surface stickiness. The exact reason for 
porosity in high temperature vulcanizates is not fully understood. 
The author has ruled out the possibility of undercure being the 
sole cause since porosity was also found in samples.which had 
. . 1 
received enough heat input during curing • The porosity may well 
be a function of the mix viscosity and volume of gaseous products 
- 7 -
produced during curing. Attempts to reduce the porosity in 
high temperature vulcanizates have achieved some success. The 
solutions are (a) to use the E.V. system~l, (b) to increase 
the'moulding pressure and (c) to use the deproteinized NR.which 
contains very low amount of volatile sUbstances2• The use of 
a desicc.an t,' such as Caloxol, proved unsucc essful to eliminate 
- 2 porosity in press-cured samples , though it has been found 
useful in the LCM process13• 
Surface stickiness may be due to surface oxidation of 
the hot vulcanizates between removal from the mould and quenching. 
It can be minimized by the use of a good antioxidant system 
and by rapid quenching. 
1.2.4 Dependence of network structures on cure temperature 
In 1952, Barton and Hart studied the effect of temperatures 
(70-160oC) on the vulcanization of thiazole-accelerated sulphur 
systems of NR, using the stress at 200% elongation as a measure 
of crosslink density21. They convincingly showed that the yield 
of crosslinks increases with decreasing temperature until 90oC. 
A curing temperature lower than 900 C results in a lower yield 
of crosslinks. This early work has been confirmed and extended 
by several authors22- 24 who used more refined analytical techni-
ques. The general conclusion concurs with the appropriate 
remark of David Craig25 that "An optimum temperature can be 
expected in vulcanization. At low temperature, reactive cross-
linking sites may be too few to crosslink, thus permitting no 
reaction or a certain amount of cleavage, while at high temp-
eratures, reversion may occur after crosslinking step." 
In contrast with the thiazole-accelerated systems, the 
influence of cure temperature on the network structures of the 
- 8 -
sulphenamide-accelerated systems has not been. adequately studied. 
This. will be apparent in ,the subsequent discussions, of these 
latter systems which are the subject of this thesis. 
1.3 Structural characterization of sulphur-vulcanized NR networks 
The characterization of chemical. structures in the sulphur-
vulcanized rubber networks has posed some unique problems 
because of the insolubility of the vulcanizates, and of the 
vulcanization reactions being limited to only a few percent of 
the rubber hydrocarbon. Many of the widely used solution. and 
spectroscopic techniques are therefore of limited use. Signifi-
cant advances in the resolution of the vulcanizate structures 
of NR have been achieved prin.cipal,ly by .. the following 
approaches26- 29 :_ 
(I) Study of the products obtained from the reactions of low 
, 
molecular weight analogues ('model' olefins) of NR with vulcani-
zing agents. This fundamental approach has been particularly 
useful for elucidating the chemical structures of the NR network 
and for the understanding of the chem~stry of sulphur vulcanization.' 
\ (2) Treatment of the NR networks with the chemical reagents 
('chemical probes') which specifically react with particular 
types of sulphidic groups present in the network. This approach 
provides a quantitative assessment of the various sulphidic 
. \ 
structures. 
(3) Determination of the crosslinking efficiency (E, the number 
'of SUlphur atoms combined in the network per chemical crosslink 
present). This approach reveals the structural, complexity of 
the sulphur-vulcanized network. 
- 9 -
'rhese mutually-reinforced approaches have established 
that the structural features of an accelerated sulphur vulcan-
izate of NR are as shown schematically in Figure 1. They 
consist of chemical crosslinks of various sUlphur ranks, 
intramolecular sUlphidic groups, conjugated unsaturation, 
isomerized hydrocarbon groups and extra-network materials. 
Main-chain scission has been observed in the case of unaccel-
erated sulphur NR networks30 • 
S 
I 
S 
X~3 y ~1 
S 
. EXTRA-
NETWORK 
MATERIALS 
A 
A = ACCELERATOR 
RESIDUE 
Figure 1 - structures present in sn accelerated sulphur vulcsnizate 
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The following sections examine the chemical constitution 
of various network structures and the important advances in 
their quantitative characterization. 
1.3.1 Determination of degree of crosslinking 
The degree of physically effective crosslinks in the 
rubber v~lcanizate comprises several contributions. They are 
(a) the degree of chemical crosslinking, (b) the degree of 
physical entanglements and (c) the negative contributions from 
free chain ends and intramolecular chain loops. The degree of 
chemical crosslinks is thus distinctly different from the 
degree of physically effective crosslinks. 
1.3.1.1 Degree of physically effective crosslinks from 
stress-strain measurements. The statistical theory of rubber 
elasticity31,32 shows that the force per'unit area (F) required 
to maintain a perfectly elastic network at a small extension 
ratio (~) is given by 
, 
F = RTM -1 (" _ ~2) ~ c,phy. (1) 
where M is the number-average molecular weight of the c,phy. , 
rubber chains between two physically effective crosslinks, 
f is the vulcanizate density, R is the gas constant and T is 
the absolute temperature. This statistical equation (1) is 
obeyed only over a limited extension range, and only when the 
vulcanizate is highly swollen33 • 
In practice, the stress-strain data of the dry NR.networks 
fit the Mooney-Rivlin expression over a much larger range of 
- 11 -
,. 
extensions (). up to about 2): 
where Cl and C2 are elastic constants, characteristics of the 
rubber vulcanizates33- 35• In the case of the ~~ vulcanizates, 
it has b.een established that Cl is largely independent of the· 
degree of swelling, and that Cz decreases with increasing 
swelling33 •. Comparision of equations (1) and (2) shows that: 
Cl = I'RT r 2Mc ,phy.l -1 
When the crosslink. functionality is four, the term r 2Mc h I -1 
,p y. 
is identified as the density of physically-effective crosslinks. 
The parameter, C2 , represents departure from the 
statistical theory. Its physical meaning has not been satis-
;,t, 
factory established36 • 
~ 
1.3.1.2 Degree of physically effective crosslinks from 
equilibrium-swelling data. The equilibrium volume swelling 
of a network in a suitable swelling agent is related to MC,phY. 
by the Flory-Rehner equation3?: 
which was. later mOdified38 .to: 
where Vo is the molar volume of swelling liquid, IIr is t.he· 
volume fraction of the rubber network in the swollen gel 
" 
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and~ is the rubber-solvent interaction parameter. 
A serious disadvantage of estimati~g MC,phy. from these 
swelling expressions (4) and (5) is that a reliable value of 
~is required. Experimental evidence has shown that ~ value \ 
changes significantly with curing systems, and even with cure 
times39 ,40. In agreement with these observations, Westlinning 
and Wolif4l found that ?l. is a functio.n of cure time as well 
as a function of vulcanizing agent. Moore and Trego observed 
that ~ changes considerably after the chemical .probe treat-
ment, and it increases as the sulphur content of the network 
increases especially when the sulphur exists in the form of 
cyclic sulphides39 • Kraus also showed that X depends on ~r 
according to the expression: 
(6) 
where ltoand f3 are constants depending on the system studied42 ,43 • 
Unless ~ is known accurately, or determined separately by an 
, 
independent method (e.g. stress-strain measurements), 
appreciable error may be involved in the estimation of M c ,phy. 
by the equations (4) or (5). 
Therefore, the preferred method of estimating the cross-
link density is via the stress-strain measurements. 
1.3.1.3 Relation between chemical and physical de'grees 
of crosslinking. Several attempts have been made to relate 
the degree of physically effective crosslinks to the degree 
of chemical crosslinks44- 48 • The most reliable calibration is 
that of Moore and watson4~ an·d Mullins45 • Using the di-t-butYl 
peroxide as the crosslinking agent, the yields of t-butyl 
alcohol and methane formed were determined. 
- 13 -
(CH3)3COOC(CH3)3 ~ 2(CH3 )3CO • 
(CH3)3CO. + RH --'I (CH3)3COH + R· 
CHj + RH 
2R' 
-4 (CH3)2CO + CH3' 
~ CH4 + R' 
~ R - R 
\ 
From the reaction scheme (7), it is evident that the degree 
of chemical crosslinks is given by t(moles of (CH3)3COH + moles 
of CH4 ). Degree of physically effective crosslinks .were also 
obtained. Results showed that the physical degree of cross-
linking always exceeds the chemical degree of crosslinking as 
shown in Figure 2. 
22 
20 
18 
.-1i 16 
'. ,. 
'" ~
'!! 
" '~ 
~. 
, 
i , 
, . 
00 2 4 8 R 18 18 20 
M, 
., 
x loa IchemlC11l1 
Figure 2 - Comparison of physical and chemical degrees of crosslinking 
in natural rubber (From Mullins, L. J. Appl. Polym. Bel. 
1959,4, 1) 
) 'J .... dl\~ l·~:~.H-L.lv. .,., \./ , J l. t.· 
.1.:,'ilcL,I \'t'u;.:i,' 
( 
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,. 
The above calibration of chemical crosslinks could be 
overestimated by some unknown amounts because subsequent work 
showed that some non-rubber materials in the NR may compete 
with the rubber.hydrocarbon for alkylperoxyl and methyl 
radicals49 • Nevertheless, this calibration is the best avai-
lable so' far. 
o An-important contribution was made by Mullins to correct 
the discrepancy between the chemical and physical degrees of 
crosslinking in o _ terms. of the effect of chain ends and chain 
entanglements45• He proposed a valuable relation for the NR 
network: 
6 0 -Cl = (f RT/ 2Mc ,chem. + 0.78 xlO ) (1-2.3 Mc~chem/Mn) 
. dynes cm-2 
where M h m is the number-average molecular weight of the 
c ,c e • 
. 6 
rubber chain between two chemical crosslinks, 0.78 x 10 is 
a correction term which includes the maximum contribution of 
entanglements, and M is the number-average molecular weight 
o .
of the rubber prior to vulcanization. Equation (8) gives the 
density of chemical crosslinks, [2Mc ,~hem..l -1 ,when Mn and 
Cl values are known, assuming the following conditions are 
satisfied: (a) The crosslink functionality is four. (b) Main-
chain scission during vulcanization is negligible. (c) The 
initial rUbber chains are substantially unbranched. 
'1.3.2 'Constitution of chemical crosslinks 
In defining the constitution of a chemical crosslink, 
• I.~ ~", J , • 
two imnortant features are the sUlphur rank in the crosslink 
i\11 lUlpul'l'lltL C'! 
and the structure 'of the rubber hydrpcarbon adjacent to the 
,11 ' ,\ 
(8) 
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crosslink termini. 
1.3.2.1 Types of sUlphur crosslinks. In an accelerated 
sulphur NR network, a mixture of mono-, di':' and poly-sulphidic 
(Sl' S2 and Sx) crosslinks has been established and carbon-
carbon crosslinks are absent (see Figure 1). Vicinal cross~inks 
. .' (I), w~ich behave physically 
formed in the unaccelerated 
as one c~sslink, 
SU1PhUj;rrdtWOrk26 • 
are additionally 
~c~ 
I 
Sx I 
............... C-C--
I 
Sy 
I 
~C,....,..,· 
~I-I~ 
Sx Sy 
~J-J~ 
( I) 
1.3.2.2 Hydrocarbon structures of crosslinks. In accel-
erated sulphur vulcanizateJof NR, the hydrocarbon structures 
of the chemical crosslinks are essentially of di-alkenyl type. 
For unaccelerated sulphur vulcanizate, the chemical crosslinks 
are of alkenyl t-alkyl structures •. These structures are' exempli-
fied by the products of sulphides (Ill-VII) of 2~methylpent-2-ene 
(II)26. In the presence of accelerator and activators, the 
following structures (Ill-VI) were identified: 
( III 
·rv·.·.··· .'~ . . . ~ ~ 
. .' 5 
.,J. . 
k )-L 
• 5 f • .j. 
, . 
. Notations: A1S-
(III) 
A2S- B2S-
. (VI .' 
. (VI) 
* Roman numbers in brackets refer to chemical structures. 
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In the absence of accelerator and activators, half the terminal 
crosslinks had structure (VII)50 : 
(VII) , 
1.3.3 Applications of chemical probes 
From measurements of the density of chemical crosslinks 
before and after treating the vulcanizates with chemical probes, 
,the number of various sulphidic crosslinks can be estimated. 
The application. of chemical probes is based largely on' the 
different reactivities of, mono-, di- and poly-sulphidic cross-
links. Structures of SUlphur rank~ 3 have very similar reacti-
vities, and' cannot yet be separately determined. 
An ideal chemical probe must meet the following requirements:-
(a) It must be capable of being introduced homogeneously into 
the rubber network. 
(b) It must react with a specific structure of the network, 
without action on other network structures for which it is not 
intended. 
(c) The reaction residues of the probe treatment must be 
readily extractable from the network. 
In the context of these requirements, the suitability of various 
chemical probes is briefly, examined. 
1.3.3.1 Methyl iodide •. Methyl iodide, which can be easily 
swollen into the rubber vulcanizate, cleaves the monosulphidic 
crosslinks51-53 
.. 
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,. 
This probe is deficient because (a) it also reacts with the di-
and polysulphidic crosslinks (albeit slowly) and (b) the 
allylic iodides formed are highly reactive and may give rise 
to carbon-carbon crosslinks in a subsequent reaction~8. 
1.3.3.2 Sodium sulphite. The use of sodium sulphite 
as a probe for determining the polysulphidic combined sulphur 54 
has been' disqualified on the important ground that the aqueous 
sodium sulphite is essentially insoluble in the,non-polar 
rubber network. Therefore, the reaction would be confined 
mainly to the surface regions of the rubber vulcanizate29 • 
(10) 
1.3.3.3 Radioactive sulphur. Sulphur exchange reactions 
using radioactive sulphur (35S) have been used to estimate the 
polysulphidic linkages of the, network55 ,56. This method 'is 
inadequate to study the crosslink types since the radioactive 
sulphur also exchanges readily with the polysulphidic sUlphur 
present in structures other than the crosslinks. 
1.3.3.4 Lithium aluminum hydride. Studebaker and Nabors 
pioneered the use of lithium aluminum hydride as the probe to 
reduce the di- and poly-sulphides to thiols5!7,58. 
RSS SR LiAlH4 
X H+ ) 
2 RSH + x H2S 
~ (11) LiAIH!i RSSR ) 2 RH H+ t 
Assuming all the network-bound thiols and hydrogen sulphide 
produced are derived from di- and poly-sulphidic crosslinks, 
Y 
the quantity, 2 L(g. atoms of sulphur in H2S)/lnoles of -SH grOuP*2, I... 
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represents the average sulphur chain length for di- and poly-
sulphidic crosslinks. The densities of di- and poly-sulphidic 
crosslinks are given by ~(moles of network-bound thiol groups). 
These estimations can have serio~s errors for two important 
reasons59- 6l • Firstly, hydrogen sulphides and thiols can be 
formed from other intramolecular sulphidic groups, such as 
vicinal polysulphidic crosslinks, cyclic disulphides and 
pendent polysulphidic groups. Secondly, the potentiometric 
determination of thiol groups which is an- important step in 
the procedure has not been proved to be reliable. 
1.3.3.5 Sodium di-n-butyl phcisphite in benzene. Sodium 
di-n-butyl phosphite completely cleaves the di- and poly-
sulphidic crosslinks, and leaves monosulphidic crosslinks 
intact, in 24 hours at 250C39.59. 
(x+l) (BunO)2 P(O)Na + RSSxSR --t 
RSNa + X(BunO)2P(O)SNa + 
(12) 
(BunO)2P(O)SR 
This chemical probe, however, has some unsatisfactory features 
because it can attack the rubber hydrocarbon network, in excess 
of complete removal of di- and poly-sulphidic crosslinks. Trego 
and Moore observed a significant change in the equilibrium 
swelling of the peroxide-cured network, after it was treated by 
this probe39 • Furthermore, the dry network of the treated_ 
sample gives a Mooney-Rivlin plot with an unsatisfactory linear 
portion59 • This makes the measurement of a-Cl value unreliable. 
1.3.3.6 Triethyl phosphite in benzene. Triethylphosphite 
desulphurates the polysulphides readily to disulphides, and then 
cleaves the simple disulphides48 ,62. 
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The specificity of its chemistry as shown by the equations (13) 
is impaired by the effec tive competition from the desu1phuration' 
of disu1phides with accompanying a11y1ic rearrangement. This 
observation is based on the results of·the reaction between 
triethy1 phosphite and l,3-dimethy1-Z-buteny1 disu1phidesZ9~ 
,~ 
) 1 + SP(OR13 
R' 
(14) 
R' = Z-a1keny1 group, R =" alkyl, e.g. ethyl 
Therefore, this probe is not suitable for estimating the di-
and po1y-su1phidic cross1inks in the network of unsaturated 
e1astomers such as·NR. Its use can be applicable to the network 
of saturated e1astomers. 
1.3.3.7 Propane-Z-thio1 and piperidine in n-heptane. A 
solution of propane-Z-thio1 (O.4M) and piperidine (O.4M) in 
n-heptane cleaves po1ysu1phidic cross1inks63 ,Z9. For samples 
O.lmm or less in thickness, the cleavage of po1ysu1phidic 
cross1inks is complete in Z hours at 'ZOoC~. UndeI"'these condi Hons, 
the action of the probe on mono- and di-su1phidic. cross11nks 
is negligible.' 
CH3CHS----t RSS(CH3 )Z +RS: 
+ xS-: 
+(CH3 )ZCHSSCH(CH3 )Z (15) 
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To achieve a complete cleavage of polysulphidic crosslinks in 
a thicker sample (lmm) within 2 hours, samples are swollen to 
equilibrium in n-heptane alone before the addition of the 
propane-2-thiol and piperidine. This preliminary swelling 
assists the rapid transport of reagent into the network. 
1.3.3.8 n-Hexanethiol in piperidine. The use of 
n-hexanethiol in piperidine as a probe to cleave the di- and 
poly-sulphidic crosslinks bu t leave the monosulphidic ,cross-
links intact was originally based on the arguments of Campbell 
and Saville59 ,64. They reasoned that when the nucleophilic 
character of the thiol-amine reagent is increased, cleavage of 
polysulphidic crosslinks proceeds extremely fast, and also the 
cleavage of disulphidic crosslinks can occur sufficiently fast 
within a feasible experimental time. Their consideration leads 
to the developmsnt of primary alkanethiols (n-butanethiol or 
n-hexanethiol) in piperidine as probes. 
RSSR + hexyl-S- I RSS-hexyl + RS- (16) 
,RSR + hexyl-S- X ~ Negligible action \ 
Using such a reagent, at least 94% of the model di-alkenyl 
disulphides were cleaved within 24 hours. In the case of the 
crosslinks having the alkenyl, t-alkyl structures, the cleavage 
of disulphides is slower. The suitability of this chemical probe 
is however justified by the known fact that the crosslinks 
present in accelerated sUlphur vulcanizate are essentially 
di-alkenyl.The further merits of using this probe are that 
(a) it'gives negligible network degradation in contrast to 
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sodium di-n-butyl phosphite and (b) Mooney-Rivlin plot of the 
treated sample is satisfactory. 
1.3.3.9 Triphenylphosphine. Moore and Trego developed 
an excellent probe, triphenylphosphine, which can effectively 
desulphurate the di-(2-alkenyl) di- and poly-sulphides, and 
2-alk~nyl alkyl di- and poly-sulphides to monosulphides39 ,65,66. 
(17) 
The reaction is complete within 96 hours at 80oe. The Ph3P ie 
readily transporLed in and out of the rubber network in benzene. 
The triphenylphosphine sulphides, formed at the completion of 
the reaction, are also readily extractable by benzene. 
'The mechanism of the desulphuration,proceeds by the 
pathway with allylic rearrangement of one of the alkenyl 
(18) 
Recently, 'a new alternative mechanism was proposed that this 
~esulphuration by Ph3P proceeds via formation of an intermediate 
with a branched sUlphur chain which could be formed by a thermally 
induced 1,5 sigmatropic rearrangement Of allylically unsaturated 
di- and POly_sulphides67 ,68. 
1=>-r-S ,fast I ~ P(Phb~  + SP(Phlj(19), s=s slow S I I 
R : R R,' ' ',' , . 
,'-' 
., 
. ' 
, 
,< 
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This probe. is very valuable in (a) transforming all the di-
. 69 70 
and poly-sulphidic crosslinks into monosulphidic crosslinks ' 
and (b) estimating the amount of sUlphur combined in the main-
chain modifications, as discussed in a later' section. 
1.3.3.10 Cyclic phosphoramidites. Pilgram and coworkers 
found that cyclic phosphoramidites desulphurate. diallyl disu1phides 
," 1 
easily at room temperature7 • 
CH2=CH1~ 
s I '+ 
S 
. \, 
C~=CHCH2 
C/-2CH=CH2 
~ C~~p')5 (20) 
I CH[O' NEt2 
CH2CH=o:!2 
Since this reaction occurs in a manner similar to that of 
Ph3P, an attempt was made recently to use it as 'a chemical 
probe which may complete the desu1phuration within a shorter 
time. Results proyed that cyclic phosphoramidities actually 
react more slowly than Ph3P with dia1keny1 disu1phides, and 
do not give a qua'ntitative yield of monosulphides72 • Therefore, 
they fail to qualify as a chemical probe to substitute the 
1.3.4 Main-chain modifications 
'1.3.4.1 Pendent groups terminated with accelerator residues. 
The pendent groups of the structures (VIII) and (IX) are 
present in the thiazo1e or sulphenamide-acce1erated and 
thiuram disulphide-accelerated NR networks respectively • 
• 
-:?,N)O 5 -c I x "-5 . 
(VIII) 
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(IX) 
These structures (VIII and IX) in the NR vulcanizates have 
been e'stablished by different workers?3-79. 
1.3.4.2 Cyclic sulphides. Both cyclic mono- and di-
sulphides have been identified in the NR networks, as exemplified 
• by the cyclic s,ulphides (XII-XVI) obtained from the sulphuration 
'I of 1,5-diene such as cis- and trans-2,6-dimethylocta-2,6-diene 
(X and XI)26. 
I 
(X) (XI) 
(XII) (XIII) (XIV) (XV) (XVI) 
1.3.4.3 Olefinic groups. The olefinic modifications of 
the rubber chain during vulcanization can be classified as: 
(1) Cis-trans isomerization of some double bonds of the NR 
hydrocarbon50 • 
(2) Positional isomerization (or movement) of some double bonds 
. 80 
along the rubber chain • 
(3) Conjugated diene and triene units26 • 
. \ 
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1.3.4.4 Characterization methods. The extent of main-
chain modification by sulphidic groups (cyclic sulphides and 
pendent groups) can be gauged from the defined quantity 
E'-l(or 2) where E' is the number of gram atoms of sulphur 
combined in the network per chemical crosslink after Ph3P 
29 treatment • The quantitative vali<;lity of the (E'-l) method 
is based on the assumption that Ph3P ideally desulphurates 
all the di- and poly-sulphidic crosslinks to monosulphidic 
crosslinks but does not react with cyclic and pendent sUlphidic 
groups. It is worthwhile to note that Ph3P can also desulphurate 
the polysulphidic pendent groups to monosulphidic rank, as 
exemplified by the work of Watson60 : 
,Fr 
,+ P(Phh 5 
,) r.l-l... / 
. _. :i'NC 
CH'" 11 3 S 
+. S P( Phl:3 (21) 
In view of this reaction, the (E'-l) value can represent some 
underestimate, especially in the under~ure samples where 
polysulphidic pendent groups are present. 
Several attempts to measure the amount of pendent 
accelerator groups have met with success:-
(1) Campbell' and Wise liberated the MBT from 'the pendent groups 
(VIII) using sodium borohydride, and the'n estimated the liberated 
MBT by ultraviolet spectroscopy77,78. 
(2) For networks of synthetic cis-l,4-polyisoprene and highly 
purified NR, the nitrogen content combined in the network has 
been used as a measure of pendent accelerator groups79,8l. 
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(3) The most accurate method is by incorporation of a radio-
active isotope at the non-interchangeable position of the 
accelerator, and the number of pendent accelerator groups 
is subsequently estimated by isotope counting techniques. 
Campbell has successfully measured the pendent accelerator 
groups using 14C-Iabelled TMTD and CBS labelled with 14C in 
the aromatic ring73 ,74. Similarly, sulphenamide accelerators 
with 14C labelled in the thiazyl ring, accelerators with 
tri tium -labelled aroma tic ring 75,76, and MBT with 35S in the 
thiazyl ring82 have been used to measure the pendent accelerator 
groups. 
Spectroscopic methods such as IR and UV have been widely 
used to examine the presence of cyclic SUlphides83- 85 , ci6-
trans isomerization of double bonds83-87~ double bond movement 
during vulcanization80 ,83,84,87 and conjugated unsaturation83 ,84,88 
The interpretation of these spectral studies is often doubtful, 
because of the low concentrations of these groups «5%), and 
of the enormous uncertainty arising from the inter~erence of 
many different structural groups. Saville and Watson have 
commented that spectral analysis is unlikely to give critical 
. 29 information on the vulcanizate network features • Future 
improvements in these de terminations are needed. 
It will be shown in Chapter 6 that the useful methods 
based on the sulphur analysis values could be used to measure 
the amount of sulphur combined in the pendent and cyclic 
sulphidic groups, for vulcanization systems where a high content 
of CBS accelerator is used. 
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1.3.5 Main-chain scission during vUlcanization 
Main-chain scission occurs to a large extent in unacce-
lerated sulphur vulcanization30 • In the case of accelerated 
sulphur vulcanization, chain scission has often been assumed 
to be neglible although little work has been published regarding 
its quantitative investigation. 
Ideally, to determine chain scission during vulcanization, 
all the crosslinks in the network should be cleaved, and the 
molecular weight of the resulting rubber chain measured by 
a solution method. This objective has not been achieved, since 
a probe, which can cleave the monosulphidic crosslinks without 
any undesirable alteration of the network, has ·not been. developed. 
other approaches have, however, been successfuL in· measuring 
the chain scission during vulcanization.' The merits and 
deficiencies of these methods are examined as follows. 
1.3.5.1 Sol-gel analysis. Charlesby and Pinner have 
derived a valuable relation between the sol fraction (S) and 
the fraction of monomer sites at which random cross linking 
and chain scission have occurred respectively(p and q)89. 
For a polymer of number-a~erage chain ·length (Yn ) and having 
a random chain length distribution, they showed that: 
(22) 
This equation (22) holds whether or not the chain scission 
occurs simultaneously with crosslinking. Many workers have 
suc.cessfully used this sol-gel relation to establish the extent 
of chain scission during vulcanization in radiation-crosslinked 
89 90 91-94 polymers ' ,peroxide-cured networks ,and ~ulphur-cured 
networks 95 • 
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x * method. * The X. method is based on the 
* observations of Mullins that A. the extension ratio at which 
the Mooney-Rivlin plot of stress strain data deviates from its 
linear portion by 2.5% of the Cl value. is solely dependent 
on Mc' and independent of Mo' The variation of * ;x. with M 
. c 
satisfies a relation based on the finite extensibility of the 
rubber chains as the cause of the increase in tension96 • Since 
Cl depends on both Mc and Mn' a simultaneous determination 
* of Cl and . A of a network can provide a measure of chain 
scission during vulcanization30 • The quantitative validity of 
this ~* method has however been questioned. Saville and 
Watson commented that factors other than the Mc can affect 
the * 29 A value • Colclough. Cunneen and Higgins found that 
some sulphur vulcanizates which had been "treated with the 
chemical probes showed no change in * ~ , although a considerable 
extent of crosslink cleavage might have 0~curred97. 
1.3.5.3 Stress relaxation. The measurement of chain 
scission by stress relaxation is based on the 'two-network' 
hypothesis of Andrew, Tobolsky and Hanson98 • They stated that, 
in continuous stress relaxation, crosslinks formed in the 
stretched network do not affect· the tension, and thus any 
stress-decay in tension. is due to the concurrent chain scission. 
Using this stress relaxation technique, Moore and Scanlan 
found the occurence of chain scission equivalent to 10% of 
physically effective crosslinks (or approximately 5% of chemical 
crosslinks) during the vulcanization of NR with dicumyl 
peroxide in.nitrogen atmosphere99 • 
Many workers including Moore and Sc~nlan themselves have 
cautioned theint·erpretation of the stress relaxation resul ts94 ,lOO .101. 
- 28 -
Table 1 is constructed to show the range of values for chain 
scission reported by various authors using different methods 
of assessment. 
TABLE 1 
Chain scission during vulcanization of NR with dicumyl peroxide 
Methods Chain scission 
x 100% 
Crosslinking 
1. SOl-gel analysis by Bristow9l 1-3 
2. Sol-gel analysis by Scott94 1 
3. Stress relaxation by Moore & Scanlan99 5 
The slight difference between both sol-gel results can .be 
adequately explained by the experimental .deviation from the 
assumption that the molecular weight distributions are close 
to random or due to the different methods in the estimation 
of chemical crosslink. density. 'rhe large value of chain scission 
determined by the stress relaxation is not easily understood. 
, 
Calderon and Scott examined whether this large value might be 
due to the effect of temporary chain scission during vulcan-
ization 102. They proved however that the temporary scission 
is negligible. Therefore, there are difficulties in interpreting 
the stress relaxation results quantitatively. A further 
deficiency of using the stress relaxation is that the conditions 
for crosslinking to takeplac,e in a nitrogen atmosphere may not 
be the same as in the press. In the case of sUlphur vulcanization, 
the interchange of sulphur bonds can also contribute to the 
stress relaxation. Furthermore, it is very difficult to 
introduce a known composition of various vulcanizing additives 
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into the network by a common solvent infusion. 
The above discussion reveals that the sol-gel analysis 
is the best available method. for estimation,of chain scission 
during vulcanization. 
1.3.6 ,Extra-network materials 
The extra-network materials in an accelerated sulphur 
gum vulcanizate comprise free sulphur, free accelerators and 
their reaction products, zinc oxide, zinc carboxylate, zinc 
sulphide and others including antidegradants and processing 
oils. Among these compounds, zinc sulphide is of interest in 
vulcanization studies. Its formation has been studied by many 
workers26 ,103-105 whose conclusions may be briefly summarised 
as follows: 
1.3.6.1 Zinc sulphide formation during vulcanization. 
Under conditions for efficient crosslinking, the formation of 
zinc sulphide is closely related to the crosslink formation. 
In this case, the ratio of sulphide ions to chemical cross-
links (F value) approaches unity. 
Contrary to the reaction predicted by equation (23), F values 
26 
of less than unity have often been observed for E.V. systems •• 
Under conditions where crosslinking is inefficient and 
on prolonged cure, the formation of zinc ,sulphide is additionally 
related to the crosslink destruction; to the reaction of sUlphur 
with zinc salts of accelerator; and to the reaction of _zinc oxide 
or zinc soap with' hydrogen sulphide produced thermally-by sulphur-
accelerator or sulphur-amine reactions. , 
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1.4 Mechanisms of sulphenamide-accelerated sulphur vulcaniza-
tion of NR. 
The mechanism of accelerated sulphur vulcanization is 
extremely complex, and has been extensively studied by different 
schools of scientists over the past two and half decades. 
Workers at MRPRA have made the most notable contributions, and 
have advanced a polar mechanism as an extension of their work 
on unaccelerated sulphur vulcanization. In contrast, free 
radical mechanisms and schemes of a mixed polar and radical 
nature have been proposed for accelerated sulphur vulcanization. 
These conflicting mechanisms are often inevitable because of 
the different functions performed by various vulcanizing 
additives. Nevertheless, it has been established that the 
pathway of accelerated sulphur vulcanization is as follows: 
Vulcanizing ingredients 
~ 
Active sulphurating agent 
-J, 
Rubber-bound intermediate 
-J. 
Polysulphidic crosslinks 
.J, 
Matured network 
Controversy often centres on the identity of the active" sulphu-
rating agent and on the nature of the mechanisms leading to 
the formation of various species in this pathway. 
The present literature review aims only to summarise the 
important schemes suggested for the sulphenamide-accelerated 
sulphur vulcanization, and examine the main differences between 
these schemes. 
\ 
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1.4.1 Polar mechanism by Bateman and coworkers 
(a) Formation of active sulphurating agent. The sUlphe-
namide accelerator interacts with activators to give zinc 
benzothiazole-2-thiolate (ZMBT)26-28,l06. 
ZnO Ligands L 
ASNR' ~ ASZnSA ~ AsinSA ,2 ReOOH ' t L 
(ZMBT) 
where A OCN~-= ~ \ / S 
L = amine base or zi nc carboxylate 
(24) 
The initial 2MBT is sparingly soluble in rubber but the co-
ordination of itJwith the amine base or zinc carboxylate 
renders it very soluble. The amine and z~nc carboxylate complexes 
of 2MBT have been identified, and shown to c'atalyse the disulphide 
interchange and the insertion of sulphur into diethyl 
disulphide,lQ7 ,108. 
2MBT may react with sulphur to form zinc perthiomercaptides 
which are belie.ved to be active sulphurating agents. 
ASZnSA 
AS-S8-ZnSA ;.=:=" ASSxZnSySA (25) 
(XVII) 
The true identity of these zinc sulphurating complexes (XVII) 
and their partic.ipation in the , formation 'of rubber bound inter-
mediate (as shown in the next step) have faced some criticismsl09 • 
Firstly, the product of zinc' perthiomercaptide (XVII) has not 
been isolated. Secondly, Parks and coworkers proved the presence 
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of rubber-bound intermediates in the absence of the zinc salt. 
This implies that the zinc perthiomercaptide complexes are not 
indispensable in the formation of the rubber-bound intermediate. 
Bateman and coworkers believed that it is formed in a series 
of equilibria which'lie well on the side of the mercaptide 
complexes (equation 25). 
, (bj Formation of the rubber-bound intermediate. The zinc 
perthiomercaptide reacts with rubber to form a rubber-bound 
intermediate. Bateman and coworkers proposed that'the reaction 
involves nucleophilic attack of a terminal perthiomercaptide 
sulphur atom at the side-chain methylic carbon or backbone 
oL-methylenic carbon atom in the rubber hydrocarbon. 
dtt I-
Zn---,s AS-~/-( ~S A 
xJ y 
RL;>' (26) 
(c) Formation of initial crosslinks. Crosslinks may be 
formed either by (1) nucleophilic displacement, 
RSxSA + AS-
RS
a
- + RSxSA 
..... 
..... 
-> 
...... 
RS - + AS A a b (27) 
RSxR + ASc- etc. 
or (2) interchange between the rubber-bound intermediate and 
zinc perthiomercaptide, followed by sulphuration of another' 
rubber chain. 
RSxSA + AssxznS/A ..... RSxZnSxSA + ASSySA .... 
.zn---S 
, ~, 
RS",\ SA 
--t RS R +'ZnS + HSxA x r::' x x 
R-1o.H 
(28) 
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(d) Maturation of polysulphidic crosslinks. The initial 
polysulphidic crosslinks undergo maturation consisting of 
several competing reactions:-
(1) They can be de sulphurated resulting in progressive 
shortening of the crosslinks, and eventually producing thermally 
stable monosulphidic crosslinks. The desulphuration may be 
catalysed by the 2MBT complexes. Crosslinks of Bl structures 
de sulphurate faster than the crosslinks of Al structures. 
(29) 
(2) They can be thermally decomposed giving rise tOo cyclic 
mono-and di-sulphides, conjugated diene and triene and zinc 
sUlphide: 
>=n fx H 
R 
--.... ~ + IRSxH] 
Jzno 
t(RS2x_l R + H20 + znS) 
(30) 
(3)They can undergo interchange, "which accounts for. thermal 
anaerobic stress relaxation, and permanent set in the deformed 
vulcanizate. 
The success of this polar mechanism is that it can 'account 
/ 
for the following" known features of accelerated sulphur vulcan-
ization. Firstly, the crosslink structures are essentially 
di-alkenyl. Secondly, the ratio of attack at the side-chain 
methylic carbon to that at the backbone ~-methylenic carbon 
in 2-methylpent-2-ene is changed when the vulcanization systems 
and reaction conditions are varied. Thirdly, there is a negligible 
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occurrence of allylic rearrangement in the initially formed' 
polysulphides, as compared with the sUbstantial rearrangement 
in the subsequently formed monosulphides. 
1.4.2 Free radical mechanism. 
ScheelellO , Craiglll , Bevilacqual12 , Dogadkinl13,81 and' 
.. . 
B01~+1~ proposed an essentially free radical mechanism for 
accelerated sulphur vUlcanization: 
cc:N~ 
. '" 
C-SH + R' 
Free radicals are formed by thermal decomposition of the 
sulphenamide accelerators. They abstract the hydrogen from the 
rubber, the resulting rubber radicals attack elemental sulphur 
to give polysulphidic rubber-bound intermediates or poly-
sUlphidic crosslinks. 
Such free radical mechanism has been strongly dismissed 
by Bateman and coworkers26 ,106 for many important reasons: 
(1) Such a free radical mechanism would give di-additive 
sUlphura tion which opposes the known di-substi tu ti ve-
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su1phuration for 'efficient' accelerated sulphuration, 
(Z) Free radical mechanism would give initial polysulphides 
with suostantial amount of al1y1ic rearranged structures, 
because of the mesomeric alkeny1 radicals; 
MezC - CH =- CH--Me 
• 
(31) 
This is not true in practice, 
(3) It cannot explain the pronounced effect of soluble ~inc 
complexes upon the crosslinking effici~ncy of sulphur', Neither 
does it explain the change in the ratio of B/A structures in 
crosslink formation with different vu1cani~ation systems and 
reaction conditions, 
(4)"There is no definite evidence that the polyisopreny1 
radicals are formed by hydrogen abstraction, 
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1.4.3 Mechanisms with a polar/radical nature, 
(a) Scheme by Coran. From the kinetic and structural 
studies of accelerated sulphur vulcanization, Coran and co-
workers 'have presented a reaction scheme which involves polar 
'and free radical mechanismsl15 ,116: 
", " 
" ' 
~N~C_SNR 
~S/ 2 
(XIX) 
or 
+ 
, Zn2+ 
CC· 'N( 1'\ ~ I s/C-S-NR2 
(Polar) 
Sy_X- + 
(XVIII) 
1 R~bber 
~N . 
. ~c-s -S-Rubber or Ruboer-S -S-NR 
. "'(:; x ~lOW r x 2 
, Rubber-S • -.-J-t: ~~-s SNR2 ~b'er ,xaN~ ~s/ ,x , 
/RUb , + .1,' "', c-s -S-Rubber 
~;~.S/ x 
Rubber-Sx-Rubber 
Rubber-S -Rubber +' I '-'::C-S -S-, o:~ 
x . ~./ x 
Sulphenam1de or a chelated form of the accelerator (XVIII) , 
reacts with sulphur in ionic form to give monomeric polysul-
phides (XIX). As a~ active sulphurating agent, monomeric poly-
sulphides interact with rubber to give rubber-bound interma-
diates (XX). The mechanism of this step was not explained • 
. , 
The rUbber-bound intermediates cleave to give polymeric 
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polythiyl , radicals of th~ type RUbber-sj • Crosslinks may be 
formed by interaction of radical, Rubber-S· , with rubber or 
x 
by interchange between Rubber-S
x
• and rUl;lber-bound intermediates. 
In support of Coran's scheme, (1) the rate constant for 
the slow reaction is independent of the dielectric constant of 
the vulcanization medium. (2) The chelated complexes of acce-
lerators and monomeric polysulphides have been isolated. 
(3) Heating of methyl tetrasulphides gives methyl polythiyl 
radicalsll?, showing that homolytic scission of complex poly-
sulphides is a possible reaction. (4) The scorch'delayed action 
of the sulphenamide accelerators can be suitably explained by 
the quenching action of 
P01YSUlphidesl15 ,116. 
Rubber-S· radicals with monomeric 
x ' 
(b) Other schemes of a mixed polar'and radical nature.' 
Kinetic studies of CBS-accelerated vulcanization, in the' 
presence of dicumyl peroxide, led Manik and Banerjee to suggest 
that sulphur vulcanization accelerated by CBS alone proceeds 
predominantly by a radical mechanism. When zinc oxide and· 
stearic acid are added, vulcanization is initiated by a radical 
mechanism, but an ionic mechanism becomes operative in the 
, 
crosslinking periodl18 • 
Shelton and McDonel attempted to decide the free radical 
and ionic mechanisms for the CBS-accelerated system from studies 
of free radical scavengers. They concluded that it proceeds 
119 by a mixed polar and radical mechanism • 
Similarly, the work of Wolfe120 and Duchacek121 'has been 
, 
interpreted by mechanisms of mixed polar and free:r~dical nature 
(for TMTD-ZnO syst~m). 
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1.4.4. Summary 
The mechanism of sulphenamide-accelerated sUlphur 
vulcanization has not been unequivocally established. The 
polar mechanism advanced by Bateman and coworkers has the 
greatest triumph of explaining numerous features of accelerated 
sulphur vulcanization. Free radical mechanisms may be deficient. 
The mixed polar and radical scheme', as 'proposed by Coran and 
others is,· however,fairly well supported by the experimental 
evidenc.e. 
i 
~. 
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CHAPTER 2 
2. EXPERIMENTAL METHODS 
2.1 Introduction 
The author has made a contribution to the experimental 
techn.1qu~s by constructing a new apparatus to measure accurately 
, 
the stress-strain property of rubber vUlcanizates at loVl strains, 
from which reliable crosslink density values may be obtained. 
Details of the mix formulations have been deferred to 
the following Chapter 3 Vlhere the experimental results are 
given. The techniques employed to characterize. the NR networks 
are largely based on the advanced methods described in recent 
MRPRA pUblications29 ,64,122. 
2.2 Compounding and preparation of vulcanizates 
2.2.1 Materials 
The NR Vias of the SMR5 grade, which was homogenized on 
a two-roll mill. The specification of. this grade of NR is as 
follows:-
Criterion 
Dirt (max. % wt.) 
Ash (max % wt.) 
Nitrogen (max. % wt.) 
Volatile matter (max. % wt.) 
Plasticity retention index (min. %) 
Rapid plasticity no. (min. initial value) 
* Values 
0.05 
0.60 
0.65 
1.00 
60 
30 
*The values were obtained from 'Rubber Technology and 
Manufacture' (Ed., C.M.Blow), Butterworths, England 
1971, p.76 
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The accelerators were obtained from the following sources:-
Accelerator Chemical Source 
(Company 
name) Abbreviation Name 
AZ N ,N-diethyl-2-benzothiazylsulphenamide Bayer 
NS N-t,butyl-2-benzothiazylsulphenamide Monsanto 
BSO 
DIBS 
MOR 
S-26 
TMTD 
, 
" .. ' N-octyl-2-benzothiazylsulphenamide :ICI 
N,N-disopropyl-2-benzothiazylsulphenamide. Anchor 
N-cyclohexyl-2-benzothiazylsulphenamide ICI 
N-methylcyclohexyl-2-benzothiazylsulphe- ICI 
namide 
N,N-dicyclohexyl-2-benzothiazylsulphenamide Bayer 
(2-morpholinothio)benzothiazole Monsanto' 
2-(2,6-dimethyl-4-morpholinothio)benzo- Monsanto 
thiazole 
Tetramethyl thiuram disUlphide Anchor 
The above accelerators and other compounding ingredients (zinc 
oxide, stearic acid, sulphur, and antioxidant) were used as 
supplied. 
2.2.2 Mixing 
The rubber mixes were prepared by the standard procedures 
on a laboratory two-roll mill (12" x 6") at 70-800 C. To ensure 
an approximately similar molecular weight of NR in the mixes, 
all mixes were subsequently masticated to attain a Wallace 
Rapid Plasticity (lOOoC, lcm platen; BS903, Part 3, 1969) of 
20:1:0.5; 
2.2.3 Mono-thermal vulcanization 
The rubber mixes were vulcanized in a steam-heated press 
for various times'''.and temperatures to produce sheets.150x150xlmm. 
Mouldings ,were cooled rapidly in water at the end of the curing 
cycle. The press temperature was checked using a thermocouple 
procedure, and controlled to a range within ~0.50C. The 
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" 
thermocouple arrangement consists of a copper-constantan twin 
wire assembly and a potentiometric recorder. 
2.2.4 Bi-thermal vulcanization 
The rUbber mix was first vulcanized in a steam-heated 
press at IBOoC for a selected time which corresponds to the 
maximum degree of crosslinking at IBooc. The mould with sample 
remaining inside the mould'plates was immediately transferred 
to an electric press, thermostated at 140oC, where the curing 
was continued for various times. To record the heat input 
during the bi-thermal vulcanization, the time-temperature 
data at the centre of the moulding were recorded by the 
thermocouple procedure. 
2.3 Determination ofMn 
The number-average molecular weight, Mn' of the rubber 
htdrocarbon component in the mix was determined from the 
limiting viscosity number of the rubber solution in toluene, 
[., I .. (dl/g) at 25°C, by means of the relationshipa123 : 
[') 1 toluene 
and [Y) I benzene 
= 1.076 hI benzene - 0.15 
= 2.29 x 10-7 M 1.33 
n 
2.4 Rheometer test 
(32) 
The curing characteristics of the mixes were determined 
using the Monsanto Oscillating Disc Rheometer at 140°C, 160oC, 
Boo . 1 0 C and 200 C. From the plots of torque versus time, press 
curing times necessary to provide vulcanizates covering a range 
of crosslink densities were estimated. In determining the cure 
times from the rheograph$, allowance was made for the 
difference in thickness of:the rheometer and moulded samples. 
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2.5 Stress-strain measurements 
.. Stress-strain data of dry samples were used to obtain 
the Ci values via the Mooney-Rivlin plots: 
where'f ~s the force to extend a test piece of unstrained 
cross-sec tional area (Ao); '7\. is the extension ratio; Cl and 
* C2 are elastic constants. The extension ratio, ,r..', at which 
the Mooney-Rivlin plot departs from the linearity by 2.5% 
of Cl was also measured. 
In order to' obtai'n a reliable Cl value, accurate stress-
strain data are needed. To achieve this, a new 'Cl' apparatus 
has been specially constructed to measur~ accurately the 
force produced in the test piece, held at a series of 
predetermined extensions, allowing 90 seconds for stress 
relaxation at each extension. 
This 'Cl:' apparatus is a.:.modification of the modulus 
teElter (commonly known as the Bongo Tester) described in 
BS 1673: Part A4: 1955. The test piece adopted for the use 
in this 'Cl'apparatus has the following dimensions:-
o.s;cm. Kem 
4-, ----~--'11 cm.--....!-----*x:r12;t5~.., 
, ,cm. 
ci' 
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2.5.1 Construction of the IC1 ' apparatus 
The IC1 ' apparatus (Figures 3 and 4) consists of a triple 
beam balance (A) with sliding weight (B) and a dial weight 
application system (C) (Ohaus Dial O'Gram Model) capable of 
applying a maximum load of 1,600 grams and sensitive to +O.lgram. 
-
An upper grip (D) is attached to the underside of the 
balance pan by an extension rod, The lower grip (E) is incor-
porated in a slider (F) moving vertically along a rectangular 
column (G) clamped to a vertical channel member (H) which is 
fixed to the base of the balance (l). Both the specimen grips 
have screw operated jaws to hold the test piece at each end 
securely. The column (G) is drilled at spaced intervals to 
accommodate a locating pin (J) forming part of the slider. This 
arrangement enables a series of predetermined extensions 
(1 <.1\. ( 3.5), which were calibrated using a ,cathetometer ,to be 
applied to the rubber specimen. The calibration was effected 
to an accuracy of :O.Olmm. On releasing clamps (K) and (L), 
the vertical position of the drilled column together with that 
of the lower grip can be precisely adjusted by a screw-thread 
operated control (M) situated at the bottom of the column. 
The extent of this movement can be obtained from the precision 
scale (N) and the indicator (0) fixed to the channel member 
and the slider respectively. This latter arrangement allows 
accurate determination of stress-strain data at very small 
extensions which can be used to extrapolate the specimen 
, 
length (nominally 105mm), between the grips, at zero strain. 
• 
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Figure 4 - Photograph of the 'c l' appa ratus 
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170 0~--0..L.2--0:-':'4--0:::-':6:----;:;-Oa!:;---:1.1::. 0---' 
I I ' 
'Figure 5 -A typical plot of stress-strain data obtained from the Ct apparatus 
• 
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2.5.2 Assessment of the 'Cl' apparatus 
The reliability of this 'Cl' apparatus may be assessed 
by examining the Mooney-Rivlin plot of stress-strain data 
obtained by it. Figure 5 represents a typical plot for a dry 
NR sample. It shows clearly that a satisfactory value of ' Cl 
can be obtained by extrapolating the linear portion (between 
0.45<~-1<O.85) to ;e1equal to zero. In·the upper range of 
0.85< ')..-1< 1, the s tress-strain data are less reliable because 
the stress is extremely sensitive to a small change in ~-l. 
In the lower range of )C"1<4.5, the onset of finite extensi-
bility of the rubber network starts to affect the linearity 
of the plot96 • Duplica~e de terminations of Cl on the same NR 
sample agree within ~2% of the Cl value. Therefore, a reliable 
'Cl' apparatus has been constructed. 
2.6 Determination of chemical crosslink density 
2.6.1 Use of Mullins relation 
The density of chemical crosslink was estimated from the 
stress-strain measurements using the Mullins relation for the 
NR networks29 ,45: 
CIRH = IfRT/2Mc ,chem. + 0.78 x 106} I 1-2.3 Mc,chem./Mn} 
dynes cm-2 
(34) 
where CIRH refers to the elastic constant pertaining to the 
rubber hydrocarbon, f is the vulcanizate density, Mn is the 
initial molecular weight, of NR,'R is the gas' cQnstan.t, T'is the 
absolute temperature and [2M h J -1 is 'th~ density of c,c em.. . 
chemical crosslinks', expressed as number of gram mole. per 
" gram rubber ,hydrocarbon (g. mole, /g. RH). 
, 
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2.6.2 Determination of CIRH from Cl measured 
ClRH was calculated from the measured value of Cl with 
due corrections for (a) the stiffening effect of particulate 
fillers, (b) the diluent effect of soluble extra network 
materials, (c) the introduction of foreign atoms into the 
rubber network and (d) the supercoiling effect in the case of 
probe-treated samples. The procedures were based on those 
given by Bristow and Porter122• 
2.6.2.1 Untreated vulcanizates. (I.).The Cl value measured 
, 
on the dry NR sample was first corrected to 250 C by means of· 
the expression: 
(2)To correct the Cl for the stiffening effect of particulate 
fillers, (e.g. insoluble zinc salts), the Guth and Gold relation 
was us.ed: 
(36) 
where vf is the total volume fraction of fillers in the rubber 
network, CIRM refers to Cl pertaining to the rubber network 
diluted by any rubber-soluble materials but excluding any 
particulate fillers. vf was calculated from the composition of 
the vulcanizate formulation. 
(3) The CIRM was then corrected for the presence of soluble 
extra network materials and for the network combined sulphur 
atoms introduced during vulcanization, using Bristow and 
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Porter expression122 : 
(37) 
where VRH is the volume fraction of rubber hydrocarbon in 
the vUlcanizate. VRH was calculated from the mix formulation 
with t~e assumption that the sol rubber in the network was 
negligible. 
2.6.2.2 Probe-treated vulcanizates. The dry probe-treated 
vulcanizate is one, from which all' theruober-soluble extra 
network materials have been extracted, and which therefore 
consists of the fillers and the supercoiled rubber network. 
(1) The measured Cl was first corrected to 250 C as described 
above. 
(2) Correction was made for insoluble fillers using the Guth 
and Gold relation (equation 36) to give CIERM • 
(3) To allow for the supercoiling of network during the 
chemical probe treatment, an expression derived by Bristow 
and Porter122 was used: 
(38) 
where VRN is the volume fraction of the network formed from 
the'rubber hydrocarbon as well as the curatives, and was 
calculated from the mix formulation. 
2.7 Treatment of vulcanizates with chemical probes 
2.7.1 Propane-2-thiol and piperidine in n-heptane 
The samples were first swelled in n-heptane overnight 
at room temperature under nitrogen. Sufficient propane-2-thiol 
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\ 
and piperidine were then added to give a -concentration of 
0.4M of each reagent in the final solution. After-two hours 
with occasional shaking, samples were then removed, extracted 
batchwise under nitrogen with cold petroleum ether, and dried 
to constant weight in vacuo. 
2.7.2 ,n-Hexanethiol in piperidine 
The rubber samples and solution of 
e.. 
n-hexanthiol 
~ 
(lM) in 
piperidine were placed in separate limbs of a glass apparatus 
(see Figure 6) which consisted of two glass tubes connected 
by a short and narrow transverse tube near their ends. The 
solution was degassed~n vacu~, and then poured onto the samples 
through the transverse tube. The whole apparatus was immersed 
in a thermostated bath at 250 C for 48 hours. The samples were 
then removed, surface-dried on filter paper, and dried in 
vacuo (5fMHg.) to constant weight. 
2.7.3 Triphenylphosphine 
The extracted vulcanizate was weighed and, allowed to 
swell overnight in a solution of triphenylphosphine in sodium-
dried benzene under nitrogen. The benzene was then removed 
in vacuo at room temperature. The conc-entration of the solution 
was such that 19. mole of Ph3P to 19. atom of network 
combined sulphur was retained in the dried vUlcanizate. The 
sample was weighed again after drying to check this require-
ment. The concentration was calculated from the predetermined 
degree of swelling of the vulcanizate in benzene, and a 
concentration of 6g. Ph3P/100ml ben~~was found to be effective.' 
The dri~d vulcanizates with i~d Ph3P were sealed X 
in a glass ampoule under h,igh vacuum (5,,,,Hg.) and thenhe~ted 
at 800 C for 96 hours in a thermostated detergent bath. After 
x 
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F.igure 6 - Apparatus used to degas the n-hexanethiol solution 
prior to reaction with the rubber samples 
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this treatment, the vulcanizates were removed and continuously 
extracted overnight with cold benzene "in the dark to remove 
the excess triphenylphosphine and triphenyll!hosphine sulphide. 
, 
The vulcanizates were finally dried in vacuo at room tempera-
ture. 
2.8 Determination of densities of mono-,di-, and poly-sulphidic 
crosslinks 
(a) The density of polysulphidic crosslinks was estimated 
by the difference in [2M h ]-1 values of vulcaniza't.e, 
.c ,c em. 
before and after the propane-2-thiol treatment. 
(b) The density of monosulphidic crosslinks was obtained 
from the [2Mc ,chemJ -1 values of n-hexanethiol-treated 
vulcanizate 
(c) The density of disulphidic crosslinks was estimated 
from the difference in { 2M h 1 -1 values of propane-2-thiol-
c,c em. 
treated and n-hexanethiol-treated samples. 
2.9 Chemical analysis of sulphur in vulcanizate 
Throughout the work described in this thesis, total 
sulphur concentration, [St], represents the sum of the concen-
tration of network-combined sulphur, {Scl , and concentration 
of ionic sulphide, [S2-t. Ionic sulphide exists mainly as 
zinc sulphide. 
2.9.1 Determination of total sUlphur 
The sample was first extracted with hot azeotropic 
" solvents (chloroform/methanol/acetone) fo! 96 hours in the 
dark, and in ,an atmosphere of nitrogen. The dry extracted 
sample (O.02g. milled piece) was placed in between the· 
platinum electrodes and co~busted electrically in an oxygen- , 
filled flask (see Figure 7). The sulphur dioxide produced 
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, 
was absorbed by hydrogen peroxide. The sulphate ions formed 
were then quantitatively titrated with barium perchlorate 
using a mixture of thorin and methylene blue asindicator124 • 
This oxygen-flask method was adopted because of the economy 
in experimental time. The experimental accuracy of total 
sUlphur determination is :1;0.05% (w/w). 
2.9.2 Determination of ionic sulphur 
Determination of ionic sulphur follows that given in 
BS903, Part BlO, 1958. The extracted sample was treated with 
hydrochloric acid (HCl:H20 = 1:1) to decompose the sulphur 
(mainly as zinc sulphide). The liberated hydrogen sulphide 
was absorbed in a buffered solution of cadmium acetate. The 
cadmium sulphide formed was determined by iodiometric titration. 
The experimental error in the ionic sulphur value is :1;0.02% (w/w). 
2.9.3 Determination of free sulphur in vulcanizate 
The free sUlphur content of the vulcanizate was measured 
by the Copper Spiral method (BS903, Part B7, 1958). These .. 
de terminations were carried out for the author at the labo-
ratories·of MRPRA. 
* 2~10 Determination of E,E' and E 
* The values of E, E' and E were estimated as follows:-
E = [ Sc I / ( 2Mc ,chem.1 -1 (g.atoms of S/g. RH) 
E' = I sc-'J / [2Mc ,chem.1 -1. 
E- =[S*I/[2Mc ,chem.l-
l 
(g.atoms of S/g. RH) 
(g.atoms of S/g. RH) 
where { Sc I = I St I [s21, 
= [S t 'l - [s2-1 treated sample, r Sc 'I 
and r- s* 1 = 
referring to Ph3P 2 . [ Elemental S in mix'1 - [S 1. 
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" 
, 
The concentrations of all forms of sulphur ([ Sc) , [ Sc ) , 
[Sc*] and [S2-]) are expressed in g. atoms of sUlphur per 
g. RH by the expression122 
g. atoms S/g.RH = 
Sulphur value (wt.% of unextracted sample) , 
x wt. of mix containing 100g. raw rubber 
3200(100 - % acetone extract of raw rubber) 
(39) 
2.11 Determinations of the sol and gel fractions 
The vulcanizates were extracted with hot acetone in the 
dark for 3 days, and dried to constant weight in vacuo at 
room temperature. Weighed samples of extracted vulcanizates 
(about 1 gram) were continuously extracted with cold benzene 
in the dark, for 8-10 days, the benzene be~ng renewed three 
times during this period. After benzene extraction, samples 
were dried to constant weight in vacuo. The sol' fraction (S) 
was then estimated from the loss in weight during benzene 
extraction. Sol de terminations were made in duplicate. 
The ,gel fraction (q, fraction of sites at which cross-
linking has occurred) was calculated from [2Mc h mrl 
,c e • 
estimated from the stress-strain measurements. The application 
of the Mullins calibration in estimating the density of 
chemical crosslink assumes no chain scission during vulcani-
zation. Bristow has pointed out that the error in the calcu-
lated value of q caused by not correcting for chain scission 
would be negligible provided the scission is not large , 
( < 2% scission) 91 , 
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2.12 Physical properties of vu1canizates 
Data of the physical properties of vu1canizates, except 
those of the ageing test, have been repor~ed by the author1. 
Procedures for the measurements of these physical properties 
(tensile stress at break, stress·at 300% elongation, tear 
strength, resilience, microhardness and flex-cracking) have 
been described (see the attached publication in Appendix 1). 
2.12.1 Ageing test 
The selected samples were aged in an oven thermostated 
at Booe for 7 weeks. The microhardnesses of the samples were 
measured periodically. 
, 
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CHAPTh~ 3 
DEPENDENCE OF CROSS LINK FORMATION ON CURE TEMPERATURE 
3.1 Introduction and mix formulations 
In the presence of a constant amount of activators, the 
formation-of chemical crosslinks in an accelerated sulphur gum 
vulcanizate is governed by a number of factors, namely, (a) the 
content and ratio of accelerator and sulphur, (b) the type of 
accelerator and (c) the vulcanization temperature and time. 
The work described in this chapter concerns the influence 
of cure temperatures and times on crosslink formation of two 
series of sulphenamide-accelerated NR mixes, in the presence of 
zinc oxide and stearic acid. Mix formulat;ons are given in 
Table 2. Series I comprises three NR mixes with different 
proportions of CBS accelerator and sulphur. Mix A has the 
conventional ratio of CBS to sulphur (0.5:2.5), as commonly 
employed in NR tyre tread mixes. This mix is known to give 
pronounced reversion in modulus, and inferior physical properties, 
when a cure temperature higher than 1400 C is usedl • Mix B has 
the ratio of CBS:sulphur, which was found to give better physical 
properties in high temperature vulcanizatesl • Mix C has one 
of the efficient vulcanization systems which have been advocated 
to eliminate thermal reversion effectively during high tempera-
ture curing processes such as injection moulding. 
Mixes 1-9 of Series II were selected to study how the 
various sulphenamides affect the crosslink formation at differ--
ent cure temperatures. These sUlphenamides contain amine com-
ponents of different basicity and stsric hindrance and were 
\. 
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TABLE 2 
Formulations of Series I and IT mixes 
Series I: 
Base Mix (pphr) - NR lOO, Zinc Oxide 5, Stearic Acid I, *Antioxidant'1 1-
MIX NO. 
A 
B 
C. 
Series IT: 
CBS 
0.5 
3.5 
6.0 
Sulphur 
2.5 
1.5 
0.4 
Base Mix (pphr) - NR lOO, Zinc Oxide 5, Stearic acid I, .i'rtltttIXttIlm~ 
Sulphur 2.5, Accelerator 2.5 mmole per hundred· 
parts of rubber 
MIX NO. Sulphenamide used 
Chemical Formulae Abbreviation 
1 A-S-N- CZH5 
......... C2 H5 AZ 
2 A-S~NH-C(CH3)3 NS 
3 A-S-NH-C(CH.3l;2CHz-CICH3)3 BSO 
4 A-S-N ..-CH(CH3)2 
.' ......... c HI CH3)2 DIBS 
5 A-S-NH-<=)· CBS 
. CH . 
6 A-S-NH::O CH3-CBS 
7 A-S-N-<=> DZ 
. --c> 
8 A-S~O MOR 
9 
~CH3 
S-26 A-S '--'...CH 3 
S S 
10 A-S-NH-Q + ICHj2NCSSCN(CH3JZ CBS/TMTD 
11-25 mmo!e) (1.25 mmo!e) 
Jf Polymerised I, 2-dibydro-2,2,4-trlmethyl quinoline (Flectol H) 
A = O:N~C-S/ 
.. -
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compounded at a'fixed 2.5 millimole (mmole) of accelerator 
~~5 X per hundred parts of NR with 2.5 pphr of sulphur. This.ratio 
~ 
is close to that used in Mix A of Series I. Mix 10 has a cure 
system where half of the molar strength of CBS accelerator 
is replaced by TMTD. The aim here is to examine whether there 
is any synergistic formation of chemical crosslinks at differ-
ent cure'temperatures. 
These mixes were vulcanized at temperatures in the range 
1400 C-2000 C. The chemical crosslink densities were obtained 
using methods described in Chapter 2. Furthermore, the induc-
tion times of the mixes were determined from rheometer traces. 
3.2 Induction period of crosslinking 
The induction period before crosslinking starts (scorch 
time) was assessed ae the, time to attain 5 units (Inch Pound) 
of torque above the minimum in the plot of dynamic modulus 
as a function of cure time, given by the rheometer test. The 
comparision of the induction periods of Series I and II mixes 
at cure temperatures 140-2000 C is shown in Table 3. As qne 
expects, the induction period decreases as the cure temperature 
is elevated. 
For each temperature,the induction time increases as the 
<\.' , ratio of CBS: sulphur increases, as shown by the resul ts of the 
Series I mixes. With regard to the response of sulphenamide 
type to induction time, the sulphenamide with a sterically-
hindered amine component generally exhibits a longer induction 
time j as exemplified by the results of N',N-dicyclohexyl-2-
benzothiazylsulphenamide and N,N-disopropyl-2-benzothiazyl-
sulphenamide (Table 3 - Mixes 7 and 4 of Series II). An 
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TABLE 3 
Dependence of induction time on cure temperature for Series I and II mixes 
Mixes ) * Induction time, t5 , (min) 
At 140°0 At 160°0 At 180°0 At 200°0 
Series I -
A 9.0 5.4 2.7 1.7 
B 15.0 7.2 4.2 3.1 
0 32.6 14.3 6.8 4.1 
Series n 
1 13.5 5.3 3.0 
2 21.5 'Z- 7.0, 3.7,. 2.4 
3 19.3 ;, 6.6 3.6 2.1 
4 15.5 7.5 p 4.0 } 2.81.-
5 15.1 6.4 3.4 2.4 
6 16.6 6.3 3.4 2.4 
7 35.5 ' 11.5 I 5.3 I 3.41 
8 17.8 6.7 3.7 )-
9 15.5 6.5 3.7 l> 
10 8.2 4.3 . 2.5 1.7 
* Time for 5 units rise above the minimum torque •. 
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exception is that of the N,N-disopropyl-2-benzothiazylsulphe-
namide accelerated system at l400 C. These conclusions are 
agreement with the findings of Morita and Young125• 
The present induction periods refer to the cure systems 
of a fixed 2.5 mmole of sulphenamide and 2.5 pphr of sUlphur. 
It is to be noted that as the molar concentration of sulphe-
namide increases, the induction period can either increase 
or decrease depending on the type of the sulphenamide125.l26. 
The partial replacement of CBS by TMTD in an equivalent 
molar concentration reduces the induction time considerably, 
as illustrated by the results of Mix 10 (Table 3). This is 
in accord with the well-known scorchy behaviour of TMTD. 
In support of the scorch-delayed behaviour of sulphe-
namide-accelerated systems as shown by the rheometer test, 
all plots of l2Mc h m )-1 against time (as will be shown 
. ,c e • 
in the following section) exhibit well-defined induction 
periods in crosslinking, which decrease with- rising cure 
temperature. 
3.3 Chemical crosslink density 
The_density of chemical crosslinks was estimated from 
- "'- Il;; '-
a knowledge OfAMn value1 (Table~) and~ClRH value using the 
Mullins relation (equation 34). 
3.3.1 Series I mixes 
The chemical crosslink densities of Mixes A,B and C 
for different cure temperatures in the range l40-200oC-and 
times (Tables 5,6 and 7) are plotted in Figures 8,9,: and 10 
respectively. Two important conclusions can be drawn. Firstly, 
both the rate of crosslink formation and the subsequent 
x 
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TABLE 4 
["? ] and Mn values of Series I and If mixes 
Mixes· 
Series I ,A 
Series II 
B 
C 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 . 
Wallace 
plasticity 
(100°C, 
1cm. platen) 
20.3 
20.3 
20.5 
19.5 
19.8 
20 
20 
20 
20.2 
20 
20 
20 
20 
['1/] toluene at 
25°C 
(dl/g) 
2.93 
2.97 
3.29 
2.50 
2.51 
2.62 
2.62 
2.55 
2.81 
2.53 
2.70 
2.55 
2.53 
2.14 
2.16 
2.30 
1.90 
1.90 
1.96 
1.96 
1.91 
2.05 
1.91 
2.00 
1.91 
1.91 
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" TABLE 5 
Elastic constants and chemical crosslink densities of Series I mixes - Mix A 
Cure Cure ClRH xlO-6 [ 2M r1xl05 
0 (dynes/ cm2) 
. c, chem. .. .. , 
Temperature ( C) Time (roin) (g.moles/g.R H ) 
140 10 1.03 2.35 
15 1.55 4.35 
30 1.73 5.10 
45 1.69 4.90 
60 1.58 4.50 
120 1.34 3.50 
360 0.92 2.00 
160 6 1.44 3.90 
8 1.49 4.10 
12 1.45 3.90 
16 1.34 3.50 . 
30 1.06 2.45 
120 0.72 1.45 
180 1.5 1.10 2.60 
2 .1.29 3.30 
3 1.22 3.05 
7 0.75 1.52 
12 0.61 1.25 
, 60 0.55 1.08 
200 0.5 0.94 2.05 
1 0.98 2.18 
1.5 0.87 1.87 
2 0.60 1.20 
4 0.52 1.05 
6 0.45 0.92 
20 0.41 0.85 
TABLE 6 
Elastic constants and chemical crosslink densities of Series I mixes - Mix B 
Cure Cure C1RH x 10-
6 r 2,M c. chemJ1 x 105 
0 Time (min) (dynes/cm2) (g.mole/g.R H ) Temperature ( C) 
140 20 2.54 8.52 
30 2.66 9.03 
45 2.71 9.25 
60 2.72 9.30 
120 2.75 9.42 
180 2.71 9.25 
360 2.48 8.25 
160 , 4 2.14 6.80 
5 2.31 7.50 
8 2.44 8.10 
12 2.43 8.04 
. 
20 2.41 7.92 
30 2.39 7.85 
120 2.15 6.85 
180 1 1.93 5.90 
2 2.07 6.50 
3 2.09 6.55 
6 2.02 6.30 
12 '1.85 5.55 
20 1.72 5.05 
90 1.52 4.47 
200, 0.5 1.90 5.80 
1 1.88 5.70 
1.5 1.78 5.26 
2 1.75 5.15 
2.5 1.63 4.67 
3.5 1.53 4.27 
5.5 1.43 3.85 
30 1.18 2.90 
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TABLE 7 
Elastic constants and chemical crosslink densities of Series I mixes - Mix C 
Cure Cure Cl RH X.1(J6 (2Ma , chemJ
1
X10
5 
0 ' 2 Temperature ( C) Time (mill) (dynes/cm) (g.mole/g.R H ) 
140 '" 40 1.08 2.55 
60 1.49 4.10 
120 1.54 4.30 
360 1.50 4.15 
160 12 1. 05 2.45 
16 1.36 3.55 
22 1.43 3.85 
40 1.43 3.85 
120 1.32 3.40 
180' . 4 1.15 2.77 . 
6 1.29 3.30 
8 1.27 3.25 
12 1.25 3.17 
20 1.17 2.82 
60 1.07 2.45 
200 2 1.16 2.80 
4 1.10 2.60 
5 1.07 2.50 
6 1.04 2.40 
12 0.97 2.17 
30 0.85 1.80 
'. 
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Figure 8 - Influence of cure temperature and time on the chemical 
. crosslink density - Mix A (0. 5CBS/2. 5S) .J 
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lfigure 9 - Influence of cure temperature and time on the chemical crosslink 
density - Mix B (3. 5CB8/1. 58) 
• 
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reduction in crosslink density increase as the cure temperature 
increases. Secondly,. the maximum level of chemical crosslinks 
falls with rising cure temperature from 1400 C. These conclus-· 
, 127 ions agree with those reported by Porter and coworkers , 
and Polyak and coworkers128 • 
There are some differences between Mixes A,B and C. 
Comparision of Figures 8.9 & 10 reveals that, after the maximum. 
degree of crosslinking has been reached, the rate of subsequent 
reduction in chemical crosslink density is least in the case 
of Mix C, and is greatest in the case of Mix A. Figure 11 
shows the maximum level of chemical crosslinks, reached at 
each curing temperature. It is .evident that, at any temperature 
in the range 140-2000 C, the maximum density of chemical cross-
links for Mix B is highest. For example, Mix B gives a 
maximum value of 5.70 x 10-5 g. 'mole/g. R.H. at 200°C; and 
this is comparable to that of Mix A at 140°C (5.10 x 10-5 g. 
mole/g. R.H.). The high density of chemical cross links for 
Mix B may be accounted for by the presence of a high content 
of CBS with a moderate amount of sUlphur. Furthermore, Figure 
11 shows a slight difference in slope o'f the three lines 
indicating that the decrease of maximum crosslink density 
with increasing cure temperature is dependent, to a small 
extent, on the CBS:sulphur ratio in the following order:-
Mix A (0.5CBS/2.5S) ~ Mix B O.5CBS/1.5S») Mix C (6.0CBS/0.4S). 
, 
• 
- 70 -
10 
9 
8 
~7 
~ 
.26 
0 
E 
ciP 
~4 
x 
~ ~3 :::: 
E 
~2 
t} 
~1 
-0 
11,0 160 180 200 
CURE TEMPERATURE (·C ) 
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3.3.2.Series II mixes 
The chemical crosslink densities of Series II mixes for 
o . different cure temperatures in the range 140-180 C and times 
(Tables .8, 9 andlO) are plotted in Figures 12-21. Results 
show clearly that the maximum degree of chemical crosslinking 
decreases substantially as cure temperature increases from 
140°C. This conclusion is true for all the systems accelerated 
with the different sulphenamides, and is similar to that 
found for Series I mixes. It is of interest to note that the 
crosslink densities of diphenylguanidine (DPG) and TMTD 
accelerated vulcanizates of NR have recently been reported 
to remain unchanged with rising cure temperature128 • This 
contrasts with the present results of the sulphenamide 
(and binary TMTD/CBS) accelerated vulcanizates. 
At .each temperature, the rate of formation and sub-
sequent decrease of chemical crosslinks is relatively slow 
in the mixes with sUlphenamides which have bulky amine groups; 
as exemplified by the results ofN,N-dicyclohexyl-2-benzo-
thiazylsulphenamide .and N ,N-disopropyl-2-benzothiazylsulp- . 
. . , 
henamide (see Figures 15 and 18). 
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TABLE 8 
.' 
'" 
Elastic constants and chemical crossUnk densities of Series IT mixes - Mix Nos. 1 Z,' 3 6 8 and 9 , . ' , . 
Cure Cure 
temp time 
(oC) (min.) 
140 15 
160 
180 
30 
40 
60 
120 
360 
4 
7 
10 
20 
90 
1 
2 
3 
5 
30 
Mix 1 Mix Z Mix 3 
ac1RH QZM rl c [ZM J-1 C (ZM r·1 I c chem. 1RH c, chem. 1RH c, chem. 
1.53 
,1.91 
1.91 
1.82 
1.51 
1.14 
1.23 
1.61. 
1.62 
1.39 
0.89 
1.08 
1.35 
1.30 
1.12 
0.71 
4.40 
5.98 
5.98 
5.62 
4.34 
2.92 
3.25 
4.70 
4.88 
3.87 
2.10 
2.72 
3.68 
3.50 
2.83 
1.60 
1.36 
1.82 
1.79 
1.72 
1.49 
1.16 
1.40 
1.58 
1.59 
1.35 
0.93 
1.22 
1.31 
1.23 
1.06 
0.72 
3.75 
5.60 
5.48 
5.16 
4.22 
3.00 
3.88 
4.62 
4.64 
3.68 
'2.22 
3.22 
3.54 
3.24 
2.65 
1.64 
1.38 
1.76 
1.72 
1.65 
1.43 
1.13 
1.28 
1.48 
1.46 
1.25 
0.88 
1.14 
1.24 
1.20 
0.99 
0.67 
3.83 
5.35 
5.17 
4.84 
4.00 
2.85 
3.40 
4.18 
4.10 
3.Z8 
2.05 
2.93 
3.25 
3.12 
2.40 
1.49 
• 
Mix 5 Mix 6 
C '. I ~. C [ZM )-1 
, . iRH [2M c ;chem, - 1RH c, chem 
· , 
iI 
1 , 
1.44 
i 
1.93 
· 1.87 
1 1.69 
i 
· :1..48 
i 
1.14 
I 
I, 
1.63 
1.73 
165 
l40 
{l.96 
. ~ 
1..46 
\ 
1..45 
4.03 
6.07 
5.85 
5.04 
4.20 
2.93 
4.81 
5.20 
4.88 
3.91 
2.30 
1.71 
1.82 
1.7~ 
1.71 
1.46 
1.18 
1.42 
1.61 
1.56 
1.33 
Oi92 
5.10 
5.52 
5.38 
5.08 
4.05 
3.00 
3.92 
4.65 
4.45 
3.53 
2.10 
...• I1 
J .• 35 
4.10 
4.08 
3.70 
3.07 
1.65 
1.Z6 
1.33 
1.24 
1.06 
0.72 
3.28 
3.52 
3.2Z 
2.57 
1.56 
j 
:1..18 
:1 
Cl. 77 
Mix 8 
C [ZM )-t lRH c,chem. 
1.37 
1.62 
1.60 
1.52 
1.26 
1.02 
1.00 
1.37 
1.39 
1.20 
0.81 
0.78 
1.17 
1.17 
0.98 
0.65 
3.75 
4.73 
4.67 
4.34 
3.25 
2.47 
2.40 
3.72 
3.80 
3.10 
1.83 
1.73 
3.00 
3.00 
2.30 
1.40 
Mix 9 
C (2M 1-1 1RH c,chem 
1.38 
1. 69 
1.67 
1.54 
1.35 
1.06 
0.95 
1.40 
1.40 
1.19 
0.79 
0.80 
1.16 
1.20 
1.01 
0.62 
3.80 
5.05 
4.95 
4.45 
3.70 
2.62 
2.27 
3.90 
3.90 
3.09 
1.83 
1.85 
3.02 
3.14 
2.47 
1.38 
~ ; ---------~]----------
-6 . 2 
x 10 (dynes/cm ) a. 
b. 5 x 10 (g. mole /g.RH) 
· ..' I, , I:" 
, 11 
• il 
" i 
" "~ 
.'; '.' I1 
• ",I 
'I I • 
.. ' i. 
" :f: 
; :., ':f 
'.".:.o!. 
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TABLE 9 
Elastic constants and chemical crosslink densities of Series II mixes -
Mixes 4 and 7 
Cure Cure Mix 4 Mix 7 
temp. time aC . b(2M . 1 -1 C1RH [ 2M c,che~.1-1 tC) lRH c,chem. (mm) 
140. 30 .1.09 2.70 
40 0.57 1.30 
60 1.32 3.55 1.00 2.43 
90 1.27 3.38 1.29 3.45 
120 1.29 3.45 
150 1.13 2.85 
180 1.15 2.95 
360 0.96 2.28 1.03 2.54 
160 12 0.97 2.30 . 0.52 1.20 
16 1.05 2.58 0.72 1.62 
20 1.08 2.67 0.81 1.88 
25 1.04 2.54 0.96 2.33 
40 0.92 2.16 0.92 2.16 ) 
90 0.74 1.65 0.72 1.62 
180 4 0.85 1.95 0.59 1.32 
5 0.84 -;, .. 1.94 0.63 1.40 
6 0.84 1.93 0.69 1.55 
10 0.75 1.69 0.71 1.61 
20 0.59 1.32 0.55 1.25 
a. -6 2 x 10 (dynes/cm) 
b. 5 x 10 (g. mole/g. RH) 
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TABLE 10 
Elastic constants and chemical crosslink densities of Series 11 mixes - Mix 10 
Cure Cure 
temp. time 
(0C) (min.) 
140 4 
6 
9 
12 
15 
40 
·160 1 
2 
3 
4.5 
6 
12 
180 0.3 
0.5 
1 
1.5 
5 
ClRH x 10-
6 
(dynes/cm2) 
2.00 
2.09 
2.07 
2.04 
1.98 
1.75 
1.66 
1.79 
1.86 
1.73 
1.64 
1.45 
1.58 
1.71 
1.56 
1.43 
1.04 
[2M c,chem. ]-lx 10 5 
(g.mole/g.R H ) 
6.35 
6.75 
6.65 
6.50 
6.25 
5.30 
4.95 
5.43 
5.80 
5.20 
4.85 
4.07 
4.58 
5.12 
4.50 
4.06 
2.56 
';,.. 
6 
IS 
a:: 
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Figure 12-21 - Influence of cure temperature and time on the chemical 
crosslink density - Series IT mixes containing various 
sulphenamides 
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Figure 22 plots the maximum densities of chemical cross-
,links, obtainable among a range of cure times, against the 
respective cure temperatures. These plots yield an interesting 
conclusion, namely that the loss in chemical crosslinks at the 
maximum crosslink formation is independent of the type of 
the sulphenamide accelerator. Alternatively this loss of 
chemical crosslinks is independent of the basicity and steric 
hindrance of the amine groups in the sulphenamides. 
The value of the maximum density of chemical crosslink 
is however influenced by the type of the sulphenamide. Over 
the whole range of cure temperatures studied, results show that 
the sulphenamides which possess more basic amine groups 
produce higher crosslink densities. This is illustrated by 
the results of the :following sulphenamides which have relatively 
less hindered amines (Table 11'):-
TABLE 11 
Dependence of maximum chemical crosslink density on the 
basicity of the amine groups of the sulphenamides 
Mix Sulphenamide 
No. Used 
pkb of ',. Max. [2Mc ch ]-1 x 105 * , em. 
free amine. (g. mole/g. RH) 
At 1400 C At l800 C 
5 A-S-NH-C6Hll . 3.7 6.10 4.15 
2 A-S-NH-C(CH3)3 4.2 5.60 3.55 
8 A-S-(Y 6.2 4.75 3.00 
* pkb is'the conjugate base strength,' and was obtained from 
'Vulcanization of Elastomers' (Ed. G. Alliger & I.~.Sjothun), 
Reinhold, New York, 1964, p.175. 
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Another factor which affects the maximum density of chemical 
crosslinks is the steric hindrance of the amine group in the 
sulphenamide. For all cure temperatures, sulphenamides derived 
from .the more hindered amines give a lower level of maximum 
crosslink density. This is illustrated in Table 12 where 
amines.of sulphenamides with different steric hindrance, but 
with a fairly similar base strength, are compared:-
TABLE 12 
Dependence of the maximum chemical crosslink density on the 
steric hindrance of the amines of the 
Mix 
No. 
5 
1 
4 
7 
Sulphenamide 
Used 
A-S-NH-C 6Hn 
A-S-N(C2H5)2 
A-S-N[CH(CH3 )212 
A-S-N(C6Hn )2 
pkb of 
free amine 
* 3·9 
sUlphenamides 
Max. [2Mc ,chem. 1-
l 
x 105 
(g. mole/g. RH) 
6.10 4.15 
3.55 1.94 
3.45 1.62 
t pkb value .obtained from 'Handbook o~ tables for organic 
compounds identification' (Compiled by Zvi. Rappoport), The 
Chemical Rubber Co., 1967, p.436. 
The results in Table 12 are to be contrasted with the 
work of Scheele and Helberg129 who reported that the disub-
stituted sulphenamides such as N,N-dicyclohexyl-2-benzothiazyl-
sulphenamide and N,N-disopropyl-2-benzothiazylsulphenamide 
(in the absence of zinc oxide and stearic acid) lead to higher 
crosslink maxima in a NR-sulphur system than the corresponding 
monosubstituted sUlphenamides. 
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3.3.2.1 Binary TMTD/CBS accelerator system. The results 
of Mix 10 (Figure 22) show that the partial substitution of 
CBS by TMTD, at an equivalent molar concentration, produces 
a higher level of maximum chemical crosslink density than 
that of CBS alone. In other words, such binary combination 
of accelerators displays a synergism at all three cure 
temperatures (140-180oC) studied. In support of this conclusion, 
Skinner and Watson14 also found such synergism by the measure-
ments of relaxed modulus at 100% elongation. Indeed, they 
found that the maximum synergism occurred when the molar 
concentration of CBS and TMTD was close to 50% CBS/50% TMTD, 
which is similar to that used in the Mix 10. 
In comparisfon with the other sulphenamide-accelerated 
systems (Mixes 1~9), the present binary TMTD/CBS accelerated 
system however suffers a rapid decrease in chemical crosslink 
density, after the maximum level of chemical crosslinks has 
been reached, as shown in Figure 21. 
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3.4 Conclusions 
For all the sulphenamide-accelerated systems (Series I 
and II mixes), raising the cure tempera,ture from 140°C 
reduces the induction period of crosslinking and increases 
the rate of both crosslink formation and subsequent reduction, 
of, chemical crosslink density. The magnitude of these changes 
depends on the ratio of CBS/sulphur co ntents as well'as on the 
type of sulphenamide accelerator. 
The maximum level of crosslinking decreases with 
increasing cure temperature from 1400 C. This loss in chemical 
crosslinks is, to a small extent, dependent on the ratio of 
CBS/sulphur contents but is independent of the types of 
sulphenamides. At, high cure temperature (200°C), the maximum 
level of crosslinking of Mix B (3.5 CBs/i.5 sulphur) is still 
comparable to that of Mix A (0.5 CBS/2.5 sulphur) at 140°C. 
The results of Series II mixes show that sUlphenamides 
0..,....:" 
with more basic and less bulky~groups such as CBS produce', 
the highest level of maximum crosslinking at all the cure 
temperatures (140-1800 C) investigated. Partial substitution 
of CBS by TMTD displays a synergism leading to a higher level 
of maximum crosslink. dlansity. This synergism was observed at 
all the cure temperatures (140-1800 c). 
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CHAPTER 4 
4. DISTRIBUTION OF CHEMICAL CROSSLINK TYPES AS A FUNCTION 
OF TIME AT DIFFERENT CURE TEMPERATURES 
• 4.1 Introduction 
. In an accelerated sulphur vullcanizate of NR, chemical 
crosslinks can be mono-, di-, and poly-sulphidic (SI' S2 8< Sx) 
in character. The plots of total chemical crosslink densities, 
as given in Chapter 3, are incapable of describing the 
changes in the crosslink types which occur as vulcanization 
proceeds. Conversely, a knowlegge of .the distribution of chemical 
crosslink types as a function of cure time may afford a better 
understanding of how the total chemical prosslink density 
varies with cure time. 
The work described in this chapter aims to show how 
the distribution of crosslink types changes with time at 
o different cure temperatures in the range 140-200 C. These 
findings are described for Series I mixes (Mixes A, B and C) 
and selected mixes of Series II (Mixes 5 and 7). The concen-
tration of each crosslink type was obtained from determina-
tions of the chemical crosslink densities of samples before 
and after treatment with n-hexanethiol qnd propa~e-2-thiol 
reagents. Details of the experimental methods have been 
given in Chapter 2. 
It is to be noted that to date the distribution of 
crossslink types has been generally determined only in vul-
canizates prepared at 140oC. It is, therefore, of particular 
importance to study the distribution in vulcanizates cured 
at higher temperatures. 
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4.2 Distribution of chemical crosslink types for Series I mixes 
4.2.1 Mix A (0.5 CBS:2.5 sulphur) 
The concentration of each crosslink type for Mix A as 
a function of cure time at 140-2000 C (Table 13) is plotted 
in Figures 23-26 for each cure temperature. A common feature 
in these,plots for four different cure temperatures (Figures 
23-26) is that the chemical crosslinks formed in the initial 
stage of vulcanization are polysulphidic in character. As 
vulcanization proceeds, these polysulphidic crosslinks disa-
ppear while a. higher proportion of mono.- and di-sulphidic cross-
links is formed in the network. This conclusion concurs with 
the finding,in the case of the CBS-accelerated sulphuration 
of 2-methylpent-2-ene at 1400 C, that dialkenylpolysulphides , 
are formed initially but are gradually desulphurated to 
dialkenYlmonOsulphides130 • 
The present results further show' that the decrease in 
the maximum value of total crosslink density, as cure tempera-
ture is elevated from 140oC, is due mainly to a substanti~l 
fall in the number of polysulphidic crQsslinks, and to a 
moderate decrease in the number of disulphidic crosslinks • 
• 
At the four cure temperatures (140-2000 C), the concentration 
of monosulphidic crosslinks is essentially very low 
« 0.5 x 10-5 g.mole/g. RH) at a cure time corresponding to the 
maximum crosslink formation, and increases slowly to about 
1 x 10-5 g. mole/g. RH on prolonged cure. Mix A has been 
shown to suffer a rapid decrease in total chemical crosslink 
density, after the maximum level of crosslinking has been 
achieved, especially at high cure temperatures (Chapter 3). 
It is nOW clear that this is caused by the rapid disappearance 
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TABLE 13 ,. 
Distribution of chemical crosslink types as a function of cure time at 140-2000 C 
for Mix A 
Cure ClRH x 10-6 r l~' 5 2.Mcchem. x··1D 
Time (dl!!es[ cm2) (g.mole/g.R H 2 
(m in) Untreated 2-propanethiel n-hexanethiol Total 81 82 8x 
treated treated 
At 140°C 
15 1.55 0.75 4.35 ... 0.10 1.40 2.85 
30 1.73 0.89 5.10 _0.25 1.67 3.18 
45 1.61 0.91 4.90 -0.25 1.73 2.92 
60 1.58 0.96 Highly 4.50 -0.40 1.74 2.36 
swollen 
120 1.34 0.88 0.32 3.50 0.80 1.10 1.60 
360 0.92 0.80 0.48 2.00 0.96 0.69 0.35 
At 160°C 
5 1.47 0.69 4.03 ",0.20 1.15 2.68 
8 1.49 0.86 4.10 -0.30 1.50 2.30 
12 1.45 0.97 3.90 _0.40 1. 75 1.75 
16 1.34 0.99 ' Highly 3.50 ... 0.50 1.70 1.30 
swollen 
30 1.06 0.89 0.36 2.45 0.80 1.10 0.55 
120 0.72 0.71 0.54 1.45 1.10 0.30 0.05 
At 180°C 
1.5 1.10 0.64 2.60 -0.30 0.98 1.32 
3 1.22 0.69 3.05 -0.30 1.08 1.67 
, . 5 0.92 0.89 Highly 2.00 NO.60 1.20 0.20 
swollen 
7 0.75 0.68 0.21 1.52 0.65 0.70 0.17 
12 0.61 0.63 0.30 1.25 0.75 0.50 . 0 
60 0.55 0.57 . 0.42 1.10 0.90 0.20 0 
At 200°C 
1 0.98 0.57 2.18 -0.3 0.85 1.03 
1.5 0.87 0.56 Highly 1.87 ... 0.4 0.70 0.77 swollen 
3 0.57 0.47 0.17 1.12 ' 0.60 0.35 0.17 
6 0.45 0.43 0.24 0.92 0.70 0.20 0.02 
20 0.41 0.42 0.34 0.85 0.80 0.05 0 
'" 
Approximate values ~)estimated from degree of swelling in the 
n-hexanethiol solution. 
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, 
of the polysulphidic crosslinks, the rate of which increases 
with rising cure temperature. The faster rate of disappear-' 
ance of polysulphidic crosslinks at the higher temperatures 
is in accord with the thermal instability of polysulphidic 
bonds131 • 
4.2.2 Hix B 0.5 CBS:1.5 sulphur) 
The concentration of each chemical crosslink type for 
Mix B as a function of cure time at 140°C and at 2000 C (Table 
14) is shown in Figures 27 and 28 respectively. At 140°C, 
the polysulphidic crosslinks build up to a maximum level 
and subsequently disappear, before the maximum level of 
total chemical crosslinks is reached. The concentration of 
disulphidic crosslinks is a maximum at optimum cure 
(ca. 45 minutes; Figure 27). The concentration of monosulphidic 
crosslinks bUilds up rapidly with cure time and continues 
to increase. 
As the cure. temperature is raised. to 200°C, the rate 
of disappearance of polysulphidic crosslinks (Figure 28) is 
much faster than at 140°C. The maximum concentration of 
disulphidic crosslinks at optimum cure is lower than that 
obtained at 140°C. Numerically,'it is 2.05 x 10-5 g. mole/g. RH 
for 1 minute at 200°C, as compared with the 3.80 x 10-5 
g. mole/g. RH for 45 minutes at 140°C. The concentration of 
monosulphidic crosslinks increases very rapidly with cure time 
and reaches ~ a maximum value of 3.15 x 10-5 g. mole/g. RH 
at 6 minutes. Compared with the value 7.45 x 10-5 g. mole/g. RH 
recorded for 310 minutes at 140°C,. the maximum level of mono-
sUlphidic crosslinks has been considerably reduced by raising 
the cure temperature from 140°C to 200°C. 
TABLE 14 
Distribution of chemical crosslink types as a function of cure time at 140°C. 
and at 200°C for Mix B 
Cure ClRH x 10-
6 [2M c chenJ-1 x.10S. 
Time 
.. 2 (6:.nole 1!r.R H 1 (d~esLcm 1 
. (min) Untreated 2-propanethiol n-hexanethiol Total 81 8 2 8x 
treated treated 
At 14·00 C 
30 2.66 2.09 1.17 9.03 2.85 3.75 2.43 
45 2.71 2.31 1.40 9.25 3.75 3.80 1.70 
60 2.72 2.42 1.58 9.30 4.50 3.50 1.30· 
120 2.75 2.56 2.01 9.42 6.25 2.35 0.82 
310 2.48 2.38 2.29 8.25 7.45 0.45 0.35 
At 200°C 
1 1.88 1.50 0.95 5.70 2.10 2.05 1.55 
1.5 1.78 1.52 1.09 5.26 2.60 1.63 1.03 
2.5 1.63 1.46 1.21 4.67 3.00 1.00 0.67 
5.5 1.43 1.38 1.25 3.85 3.15 0.55 0.15 
30 1.18 1.17 1.10 2.90 2.60 0.25 0.05 
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Figure 27-28 - Distribution of chemical crosslink types as a function of 
cure time at 140°C and at 200°C - Mix B (3. 5CBS/l. 58) 
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4.2.3 Mix C (6.0 CBS:0.4 sulphur) 
The concentration of each crosslink type for Mix C as 
a function of cure time at l400 C and at lBOoC (Table 15) is 
shown in Figures 29 and 30 respectively. In the case of this 
high CBS/low sulphur system, the rate of desulphuration of 
polysulphidic crosslinks into monosulphidic crosslinks is 
extremely rapid. For example, at a cure time of 60 minutes 
at l40oC, the concentration of monosulphidic crosslinks in 
Mix C is 74% of the total, as compared with 48% in the case 
of Mix B, and less than 10% in the case of Mix A. This rapid 
desulphuration of polysulphidic crosslinks and the higher 
proportion of monosulphidic crosslinks may account for the 
slower reduction of overall chemical crosslinks with cure 
time in the case of Mix C, particularly at higher cure temp-
eratures (Figure 10 in Chapter 3). The present results at '140°C 
agree with those reported by Campbel1 74 , 64. 
At l80oc, the,number of monosulphidic crosslinks 
builds up very rapidly to a maximum valu.e of 2.85 x 10-5 
g. moles/g. RH in 20 minutes (Figure 30). Compared with that 
observed at 140oC, 'namely 3.90 g. moles/g. RH at 360 minutes 
(Figure 29), this maximum value has been considerably reduced 
IV fG-
by r~sing cure temperature. Therefore, as in the case of Mix ~, \ ' 
the reduction in the number of monosulphidic crosslinks 
'acCounts for a major ,portion of the fall in' the maximum level 
of total crosslinks with increasing cure temperature. This 
is a rather surprising result in view of the fact that both 
Mixes Band C are capable of a very rapid desulphuration of 
polysulphidic crosslinks. 
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TABLE 15 
Distribution ofohemical crosslink types as a function of cure time at 140°C 
° and at 180 C for Mix C 
Cure 
C
lRH 
x 10-6 [2M.c , chem,J -1 x105 
Time (dl2!es[ cm2) (g. mole / g. RH) 
(mill) Untreated 2-propanethiol n-hexanelhlol Total 81 82 
treated treated 
At 140°C 
40 1.09 0.99 0.81 2.57 1.70 0.51 
60 1.49 1.41 1.21 4.10 3.02 0.74 
120 1.54 1.46 1.38 4.30 3.65 0.35 
360 1.48 1.44 1.42 4.05 3.90 0.10 
At 180°C 
4 1.15 1.07 0.83 2.77 1.72 0.78 
6 1.29 1.22 1. 07 3.30 2.47 0.57 
8 1.27 1.23 1.13 3.25 2.75 0.35 
20 1.17 '1.17 1.18 2.85 2.85 0 
60 1.06 1.06 1.06 2.45 2.45 0 
8 x 
0.36 
0.34 
0.30 
0.15 
0.27 
0.26 
0.15 
0 
0 
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The small decline in the number of monosulphidic cross-
links occurring at long cure times at 2000 C (Mix B) and at 
1800 C (Mix C), which is shown in both Figures 28 and 30; is 
real and not due to experimental error. It is not unexpected 
in view of the severity of the curing conditions, namely 
30 minutes at 2000 C or 60 minutes at 180oC.In the case of 
Mix C, the conclusion is further supported by measurements 
of relaxed stress at 100% elongation which show a marked 
decrease at these long cure times at 200oC, and indeed at 
equivalent cure times at 140oC132. 
4.3 Distribution of chemical crosslink types for CBS-accelerated 
and DZ-accelerated mixes of Series II 
Of the Series II mixes, examination of the distribution 
of chemical crosslink types was made only for the CBS-accelerated 
(Mix 5) and DZ-accelerated (Mix 7) systems. This selection 
was made because 'these two mixes have some contrasting features:~ 
(a) The maximum crosslink density of the CBS-accelerated mix is 
the highest at all cure temperatures (140-180oc), whereas 
that of DZ-accelerated mix is the lowest, in spite of the 
fact that the loss in maximum crosslink density at increasing 
cure temperature is the same for ,both mixes (Figure 22). 
(b) The rates of build-up and subsequent disappearance of total 
chemical crosslinks are slower in the DZ-accelerated mix 
(Figure 18) than in the CBS-accelerated mix (Figure 16). 
The comparision of the concentrations ofS
x 
and (Sl+S2) 
crosslinks in both mixes was made at cure times corresponding 
to the maximum crosslink densities at cure temperatures of 
140°C, 1600 C and 180oc. These values are given in Table 16 
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and plotted in Figure 31. 
TABLE 16 
Comparision of densities of total, Sx and (Sl+S2) crosslinks 
in the CBS-accelerated and DZ-accelerated mixes (Series 11) 
at cure times correspondi'ng to maximum crosslink formation 
Mix 
No. 
5 
7 
Cure 
System 
(pphr) 
Q. 66CBS/2. 5S 
0.70DZ/2.5S 
[2M J -1 x 10 5(g.mole/g.RH) 
c,chem. 
6.104.25 1.75 5.20 3.60 1.60 4.15 2.95 1.20 
3.45 2.20 1.25 2.42 1.30 1.12 1.62 0.55 1.07 
Three conclusions may be drawn. Firstly,_ in both mixes, the fall 
in the maximum crosslink density with increasing cure temperature 
is due to a major drop in the number of polysulphidic crosslinks. 
This conclusion reinforces that of Mix A 'of Series I, since 
the cure systems in Mix 5 (0.66CBS/2.5S) and in Mix 7 (0.70DZ/2.5S) 
are very close to that of Mix A (0.5CBS/2.5S). Secondly, the 
low value of total crosslink density of the DZ-accelerated mix 
is due mainly to the smaller number ofpolysulphidic crosslinks. 
,., 
This may be caused by the slower rate of crosslinking and also 
by the effect of the longer cure time on polysulphidic cross-
links,a substantial amount of which is expected to be formed 
before the maximumcrosslink density is reached. Thirdly, the 
higher proportion of monosulphidic crosslinks in the DZ-accelerated 
system may give rise to a slower rate of subsequent disappearance 
of total chemical crosslinks, as observed in Figure 18. 
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4.4 Conclusions 
In all the sulphenamide-accelerated systems, the initially 
formed crosslinks are polysulphidic, but these are subsequently 
de sulphurated into mono- and di-sulphidic crosslinks as 
vulcanization proceeds. The rate of desulphuration increases 
with increase in the ratio of CBS to sulphur and with the cure 
temperature, as evidenced by the faster rate of build-up of 
monosulphidic crosslinks. 
The fall in the maximum value of total crosslink density 
of Mix A, as the cure t~mperature is raised from l40oC, is 
due to a major drop in the polysulphidic crosslinks and to a 
,moderate drop in the disulphidic crosslinks. In the cases of 
Mixes Band C, this fall is due to the major decrease in 
the formation of monosulphidic crosslin~s. This observation 
is rather unexpected, in view of the rapid desulphuration of 
polysulphidic crosslinks for such mixes. 
A small decline in the number of monosulphidic crosslinks 
occurs at long cure times at 200°C and at l800 c for Mixes B 
and C respectively. This implies that the thermally stable 
monosulphidic crosslinks may be deple~ed under such severe 
cure conditions. 
With respect to the distribution of crosslink types, 
the main difference between the CBS-accelerated and nZ-accelerated 
mixes of Series II is that the latter has a smaller concentration 
of polysulphide·crosslinks at the maximum crosslink formation • 
. < 
This feature is observed for all three cure temperatures (140-l80oC). 
The higher proportion of mono- and di-sulphidic crosslinks present 
in the nz mix may account for the slower rate of the disappearance 
of total crosslinks at increasing cure time. 
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CHAPTER 5 
5. INFLUENCE OF BI-THERMAL VULCANIZATION ON NETIVORK FORMATION 
5.1 Introduction 
It has been shown in Chapter 3 that raising the cure 
temperature from 1400 C decreases the value of maximum cross-
link density. T. Moore reached the same conclusion in the case 
of a MBT-accelerated NR mix133• Using a technique based on 
bi-thermal vulcanization, he further· showed that this loss 
in chemical crosslink density is a reversible effect depending 
on cure temperature. In his experiment, the MBT-accelerated 
mix vias initially cured at 180°C until the chemical crosslink 
density reached a maximum value (for 18Qoc); the vUlcanizate 
was quenched. The cure was then continued at 100°C, when the 
chemical crosslink density was found to increase and to 
reach the level achieved in mono-thermal curing at 100°C. 
From this and related evidence, he concluded that there is 
a temperature-dependent equilibrium between elastically 
effective and ineffective,polysulphidiC crosslinks. In other 
words, during high temperature curing, some sulphur is being 
combined inefficiently in the form of (a) cyclic polysulphides, 
(b) pendent loops or (c) vicinal crosslinks: 
~ X 
(a) (b) (c) 
At the lower cure temperature, these inefficient forms of 
crosslinks ar,e transformed to effective crosslinks. 
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In view of this interesting finding by T. Moore, it 
was considered important to investigate whether such a 
reversible effect, in the relationship between cure tempera-
ture and crosslink density, occurs in the CBS-accelerated 
vulcanization. The present chapter aims to show the results 
of this investigation. The results from this bi-thermal vul-
canization experiment may also throw light on the mechanisms 
occurring during high temperature curing. 
5.2 Experimental approach 
The bi-thermal vulcanization was conducted for Mixes B 
and C in a step-down manner with-respect to cure-temperature. 
The mix was first cured at 180°C for a cure time, which 
corresponds to the maximum crosslink density at 180°C, and then 
C--
the curing was allowed to proceed at 140°4. Details of the ~ 
experimental method have been given in Chapter 2. The lower 
. 0 
temperature of 140 C was chosen because it is the lowest temp-
erature used in the present work. 'rhe cure time at 180°C for 
Mixes Band Care 1.5 minutes and 6 minutes respectively. 
[The Mix B used in the bi-thermal vulcanization was compounded 
separately. Its cure time (1.5 minutes) which corresponds to 
the maximum crosslink density at 180°C, is shorter than that 
observed in the previous mix of an identical formulation 
<3 minutes at 180°C, see Table 6' in. Chapter 3). This_indicate!?_ 
c 
that this separately prepared mix was more scorchy, probably 
because the mixing was performed on a hot two-roll mill at 
lOO-110°C ~] 
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5.3 Com aris on of densities of chemical crosslinks formed 
during mono-thermal and bi-thermal vulcanization 
Figure 32 represents a typical heat history of the centre 
of a NR moulding during the bi-thermal vulcanization. It 
shows clearly that the cure temperature was effectively 
.' . ° 0 
stepped down from 180 C to 140 C in less than 40 seconds. 
-The densities of chemical crosslinks for Mix B and Mix C 
vulcanized bi-thermally and mono-thermally are shown in 
Figures 33 and 34 respectively. These results prove that 
when the cure temperature is stepped down from l800 C to l400C, 
the densities of chemical crosslinks at subsequent cure times 
at l400 C are intermediate between those for vulcanizates 
cured mono-thermally at l400 C and at l800 C. There i.s no evidence 
that the chemical crosslink density increases and reaches 
the level achieved by the mono-thermal vulcanizate at l400 C. 
Therefore, the loss of chemical crosslink at the maximum 
level of crosslinking at high cure temperature is an 
irreversible effect., The present conclusion does not support 
T. Moore's theory133 that a temperature-~ependentequilibrium 
between elastically effective and ineffective polysulphidic 
crosslinks is operative in the present CBS-accelerated vul-
canization. 
The crosslink densities of bi-thermal vulcanizates 
, 
during the subsequent cure at 140°C are however higher than 
those mono-thermally cured at 180°C. The manner of its 
change with cure time resembles that of the mono-thermal 
cure at l400 C. This suggests th~t once the polysulphidic cross-
links are formed, the influence of cure temperature on the 
maturing reactions of these polysulphidic crosslinks, namely 
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desulphuration and thermal decomposition, plays an important 
role in the crosslink formation. 
5.4 Comparision'of the concentration of crosslink types formed 
during mono-thermal and bi-thermal vulcanization 
The distribution of each crosslink type as a function 
of cure ~ime during mono-thermal (140°C; 180°C) and bi-thermal 
(180°C/140°C) vulcanization for Mix C was also studied. 
TABLE 17 
Distribution of crosslink types in Mix C vulcanized mono-
thermally and bi-thermallY 
Cure (2Mc ,chemr
l x 105 (g.mole/g.RH) 
Time 
(minutes) Total Sl ~2 Sx 
At 180°C, 6 minutes 
followed at 140°C. 
20 3·25 
50 3·20 3.09 0.03 0.08 
100 3.16 3.14 0.01 0.01 
180 3.14 3.14 0 0 
At 140°C, 
40 2.57 1.70 0.51 0.36 
60 4.10 3.02 0.74 0.34 
120 4.30 3.65 0.35 0.30 
360 4.05 3.95 0.10 0 
At 180°C, 
4 2.77 1.72 0.78 0.27 
6 3.30 2.47 0.57 0.26 
8 3.25 2.74 0.34 0.10 
" 20 2.85 2.85 0 0 
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Results as shown in Table 17 demonstrate clearly that 
the concentrations of mono-, di- and polysulphidic. crosslinks 
of these bi-thermally cured samples do· not increase and climb 
to the level achieved by the mono-thermal cure of 1400 C. This 
conclusion contrasts to that of T. Moore who found that "in the 
temper:ature·step-down experiment (1800 C/100oC), the polysul-
phidic contribution reverts to what it would have been had 
the cure temperature been exclusively at the final temperature". 
It is to be noted that in the experiments reported here, 
the sample was not exposed to oxygen and was not quenched 
during the bi-thermal vulcanization, in contrast to T. Moore's 
procedure. Tidd has found that the la,tter's results ,can be repe'ated 
only if cooling (and inevitable access to oxygen) is allowed to 
take place134 • Chemical crosslinkingmay'occur in the presence 
of oxygen at, for example, 800 c as the author has found (see 
Chapter 8). 
5.5 Conclusions 
The loss of chemical crosslinks at the maximum level of 
crosslinking during high temperature curing in CBS~accelerated 
systems has been shown to be irreversible. The crosslink 
density results of bi-thermally (1800 C/1400 C) cured samples 
during the subsequent cure at 1400 C suggest that once the 
polysulphidic crosslinks are formed, the influenc,e of cure 
'temperature ,Qn their maturing reactions becomes important. 
v 
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CHAPTER 6 
6. INFLUENCE OF CURE TEHPERATURE ON THE CROSSLINKING EFFICIENCY, 
AND THE FCRt1ATION OF INTRAHOLECULAR SULPHIDIC GROUPS AND 
ZINC SULPHIDE 
6.1 Introduction 
During the accelerated sulphur vulcanization of NR, sulphur 
can be combinedin,structural forms other than crosslinks. It 
can be bound to the polyisoprene chain as cyclic sulphides 
or as pendent groups terminated by accelerator residues. In 
addi tion, sulphur can be combined in the form of zi nc sulphide 
as an extra-network substance. It is therefore of value to 
examine how cure temperature and time iJ;lfluence (a) the cross-
linking efficiency of sulphur (i.e~ how efficiently is sulphur 
being used in crosslinking?), (b) the formation of cyclic 
sulphides and pendent accelerator groups and (c) the formation 
of zinc sulphide. It is also important to study how the above 
features (a), (b) and (c) depend on different cure systems 
at each temperature. 
This chapter describes the influence of cure temperature. 
in the range l40-2000 C and cure time on the features (a), (b) 
and (c) of vulcanizates of Series I mixes, containing varying 
CBS: sulphur ratios'.' The crosslinking efficiency 0 f sulphur 
was examined via the parameter E which is the number of sulphur 
atoms combined in the network per chemical crosslink present. 
The extent of sUlphidic main-chain modification ,of the network 
was assessed by the quantity (E'-l) where E' refers to the 
j 
crosslinking efficiency of, sulphur in the, vulcanizate which 
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has been treated with Ph3P. The use of (E'-l) is based on the 
reaction of Ph3P with all the di- and poly-sulphides present 
·in the network to convert· them into monosulphides29 ,65-66. 
Furthermore, an attempt is made, based on the sulphur analysis 
values. to calculate the amount of sulphur combined separately 
in the pendent accelerator groups, and as cyclic sulphides. 
The formation of zinc sulphide. was investigated in .terms of 
F values (ratios of sulphide ions/chemical crosslink). 
Experimental details have been given in Chapter 2, and some 
of the relevant theoretical background for the use of E and 
(E'-l) has been revieVledin Chapter 1. 
6.2 Crosslinking efficiency of sulphur 
I) 
I 
The E values for Mixes A, Band C are shown in Tables 18·, 
19 and 20 respectively, together with values of E' and F. 
The E values are best examined in· terms of (a) the influenc·e 
of varying CBS:sulphur ratios and (b) the influence of cure 
temperature and time. 
(a). At each cure temperature, the E values of Mix A 
(Table 18) are considerably higher than those of Mix B 
(Table 19) and Mix C (Table 20). For instance, at 1400 C at 
a cure time corresponding to the maximum degree of crosslinking, 
E is about 11 for Mix A in contrast to 3.6 for Mix Band 3.3 
for Mix C. This reflects the inefficiency of the cure system 
in l1ix A in utilizing the sulphur· for crosslink formation; 
Mixes Band C on the other hand are efficient vulcanization 
systems. The slightly lower values of E for Mix C compared 
with those for Mix B at similar cure temperatures and times 
,. 
suggests that Mix C is slightly more efficient than Mix B. 
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This is in accord with the result that Mix C has a higher 
proportion of monosulphidic crosslinks, as shown in Chapter 4. 
The high values of E for Mix A may be due to the presence of 
polysulphidic crosslinks (especially at short cure times), 
and by the presence of sUlphidic main-chain modifications 
(especially 'at long cure times). As evidence for the'latter, 
one may mention the fact that crosslinks of sUlphur rank greater 
than 6 are too unstable to be formed; it follows that additional 
sulphur atoms, namely (E-6) per crosslink, must be combined in 
the intramolecular sulphidic structures. 
(b) With all three CBS:sulphur ratios, raising the cure 
temperature from 1400 C to 2000 C results in a progressive 
increase in' the E values, (Tables 18-20). This increase is 
large in the case of Mix A and small in the cases of Mixes B 
and C. It is convenient to compare the E values at different 
cure temperatures by examining the data at the times correspon-
ding to maximum degree of crosslinking (see underlined E values 
in Tables 18-20). The network therefore, appears to become more 
complex in its sulphidic structures as the cure temperature 
. 0 is increased. In fact, the network of Mix A at 200 C is shown 
to be as complex as that of the network vulcanized by sulphur 
alone, since the E values of 48.5 - 61 are as high as those 
reported for the unaccelerated sulphur vulcanization of NR30 • 
Furthermore, the present E values agree with those reported 
for a cure system similar to Mix A vulcanized at'140_180oc127 
and for Mix C at 140oc15 ,27. The interpretation of th!l E'values 
can be further considered in conjuction with the E' values, 
as will be shown in the following section. 
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6.3 Sulphidic main-chain modifications 
6.3.1 Use of (E'-l) 
If it is assumed that:-
(a) the crosslinks present in the network are essentially 
dialkenyl sulphides, 
(b) the carbon-carbon crosslinks are absent in the network ~nd 
(c) the vicinal forms of crosslinks are. negligible, then 
(E'-l) can be taken as a measure of the extent of main-chain 
modific/ltion by cyclic sulphides (XXI) and pendent sulphides 
terminated by 2-thiobenzothiazole groups (XXII). 
(XXI) (XXII) 
These intramolecular groups are expected to be monosulphidic 
because Ph3P can also desulphurate the di-:·and poly-sulphidic pendent. 
groups29 (see section 1.3.4).' 
For each cure temperature, the E' values of Mix A (Table 18) 
are high, in comparision with the relatively low values of 
Mix B (Table 19) and Mix C (Table 20 ) ~ Increasing the cure 
temperature from 140°C to 2000 Cbrings about an increase in the 
E' values. This increase in the E' values, and hence the (E'-l) values, 
:In conjunction w:lth·the· simUltaneous increase in E values 
confirms that there is an increasing extent of· main-chain' 
modification by sulphidic groups with rising temperatures. 
Furthermore, this increase, as well as the magnitude of sUlphidic 
main-chain modification, is greater in the case of. Mix A than in 
Mix B and Mix C as shown by the trends of E' values. in Tables 18-20. 
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It is to be noted that, for the vulcanization system where 
there is little loss' of crosslinksas vulcanization proceeds 
such as that in Mix C, E and E' values decrease with increasing 
cure time until the density of chemical crosslinks starts to 
decline. This suggests that the cure system of Mix C becomes more 
.efficient in the utilization of sUlphur in~crosslinking. This must K 
be related to the previous result that Mix C has a faster rate 
of desulphuration resulting in a higher proportion of mono-
sulphidic crosslinks as vulcanization proceeds (as has been shown 
in Chapter 4). Alternatively, the increase in the E and E' 
values at long cure time must be due to the disappearance of 
chemical crosslinks. 
6.3.2 ,sulphur present in cyclic sulphides sIld the.pendent 
accelerator .. groups 
Although the (E'-l) parameter is useful in assessing the 
overall extent of sulphidic main-chain modifica.tions, it is 
incapable of making the distinction between the sUlphur combined 
in the cyclic sulphides and that in the pendent accelerator 
groups. The assessment of, the quantitative proportions ·of these' 
cyclic and pendent.groups are of course.reievant to the objectives of. 
the work -described in this ·-thesis. To achieve these, some appreciation 
of 'the amount of sUlphur combined in the network as cyclic 
sulphides and as pendent accelerator groups is obtained by 
examining the sulphur analysis values. 
If it is assumed that: 
(a) the sulphur present in the chemical crosslinks, cyclic 
sulphides and zinc sulphide is derived from the available 
elemental SUlphur employed in the mix formulation, and not from 
the SUlphur present in the CBS accelerator, and 
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(b) the concentration of free sulphur and the amount of elemental 
sulphur combined in the polysulphidic species of sulphurating 
complexes (such as structure XVII as shown in Chapter 1) 
:i present in the vUlcanizate are negligible, a calculated value 
of E* can be obtained: 
[Elemental 31 - [32-] 
(40) 
where [Elemental s1 is the concentration of elemental sulphur 
as used in the mix formulation and is expressed as g. atom of 
sulphur per g. RH. The E* values can only be obtained for cure 
times at optimum and above for two important reasons. Firstly, 
the assumption (a) implies that there is a negligible concen-
tration of the polysulphidic species of pendent accelerator 
groups which may derive their polysulphidiC sulphur from the 
elemental sulphur. This has been shown to be t~ue for cure times' 
at optimum and above, because work by several Vlorkers73- 76 has 
proved that the pendent accelerator groups of di- and poly-
sulphidic forms are present before. the onset of crosslinking, 
and reach a maximum concentration well before the time for 
• 
maximum crosslink formation. This concentration subsequently 
falls away very rapidly from the maximum, leaving only mono-
I 
sulphidic pendent groups, at the optimum and longer cure times. 
Secondly, the assumption (b) can only be true if the degree of 
crosslinking is at its maximum level or beYOnd77 ,78. A further 
justification of this assumption is supplied'by the free 
sulphur values (Table 21) .determined by the Copper'Spiral method. 
These values are extremely small, and may be assumed to be 
negligible within the experimental error in estimatin~ the 
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efficiency parameters. 
Based on the above justifiable assumptions, the E* value 
may in principle represent the amount of sulphur present in 
cyclic sulphides and sUlphur crosslinks. 'rherefore, the 
difference (E-E*) should represent the amount of sulphur present 
in the pendent accelerator groups. Since (E'-l) is a quantitative 
measure of sUlphur combined in the cy~lic sulphides and pendent 
groups, the quantity [(E'-l)-(E-E*)] should represent the 
amount of sulphur present in the cyclic sulphides. Table 2l 
gives the amounts of 'pendent' and 'cyclic' sulphur calculated 
using the expressions (E-E*) and [(E'-l)-(E-E*)] respectively 
s 
and expre~ed as atoms of sUlphur per chemical crosslink; To 
check that the changes in the values of (E-E*) and r (E:'l)-(E-E*)] 
are not entirely due to the change in the densities of chemical 
crosslinks, the amounts of , pendent' and 'cyclic' sulphur are 
also given in terms of atoms of sulphur per gram rubber hydro-
carbon. 
6.3.2.1 Influence of cu:re temEer<\~ure on the formation 
from the (E-E*) values given in Table 21 that raising the cure 
temperature from 1400 C to 2000 C results in a major increase of 
pendent sulphur in the case of Mix C. This increase is apparent 
from the values of both atoms of S/chem. crosslink and atoms 
of S/g. RH. In the case of Mix B, an increase in 'pendent' 
sulphur is not apparent. Furthermore, the 'pendent' SUlphur 
of Mix "B is rela ti vely small in comparision with the 'cyclic,' 
sulphur, suggesting that only a minor proportion of intra-
molecUlar sulphidic groups is present as pendent accelerator 
groups. The amount of 'pendent' sulphur in the case of Mix B 
) 
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tends to increase at long cure times (e.g. see (E-E*) values 
at 310 minutes, Table 21). This may be accounted for by the 
reac tion of the zinc mercaptide (ZMBT) wi th the rubber chain 
directly or with cyclic sulphides (as shovm by the simultaneous 
decrease in the 'cyclic' sulphur values, Table 21) to give 
attachment of 2-thiobenzothiazole groups. 
6.3.2.2 Influence of cure .temperature on the 
formation of' cy'cIic . .'~ulphide_s - l"lixes Band C. The' 
[(E'-l)-(E-E*)] values given in Table 21 reveal clearly 
that as the cure temperature is raised from 140°C to 200oC, 
the amount of 'cyclic' sulphur increases considerably for 
Mix B whereas such incraase is not apparent for Mix C in terms 
of the absolute concentration of atoms of sulphur per g. RH. 
It is worthwhile noting that a small inc'rease in the values 
of [(E'-l)-(E-E*)] for Mix C with rising temperature is due to 
the simultaneous decrease of crosslink density. 
6.3.2.3 (l.sse,s.smen.t of '.c'yclic' and 'llenden.t_' sU!Jl.hur 
at l400C. The relative abundance of the 'pendent' sUlphur for 
Mix C (6.0CBS/0.4S) in comparision with that of Mix B (3.5CBS/l.5S) 
is co nsistent with the radio tracer findings of Campbell74 and 
Parks and coworkers75 that the number of pendent accelerator 
groups relative to chemical crosslink density increases as the 
ratio of accelerator/sulphur increases. Numerically, the values 
of (E-E*) and [(E'-l)-(E-E*)] for Mix C at a cure time of 
60 minutes at l400C (~able 21) are 1.3 and 0.8 atoms per 
chemical crosslink respectively. Since each pendent 2-thiobenzo-
thiazole group contains 2 sulphur atoms and cyclic sulphides 
are expected to be mainly monosu1phidic, there are, therefore, 
approximately 0.65 mole of pendent accelerator group per chemical 
, 
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crosslink and 0.8 mole of cyclic sulphide per chemical cross-
link. These conclusions agree remarkably well with Campbell' s 
results for a similar cure system74 , obtained by a radiotracer 
method, that the total pendent group level was 67% of the total 
crosslink level for a similar cure time of 60 minutes at llfOoC; 
and that cyclic sulphides and pendent accelerator groups make 
approximately equal contributions to the network structures. 
Furthermore, calculation shows that for a cure time of 60 min-
utes at l40oC, the amount of pendent accelerator groups for 
Mix C accounts for 11.4% of the original amount of the CBS 
used in the mix. This value again concurs with the radiotracer 
resul t of Campbe1174 that 11% of the CBS accelerator was 
combined in the network as the pendent groups. This close 
agreement in the results at 1400 C undoubtedly lends support 
to the validity of the quantitative values of 'pendent' and 
'cyclic ,I sulphur derived for Mixes Band C. 
6.3.2.4 Limitaticm :i,n the u_~.e of ~E-E.*) and r (l?~.-l)-(E-E.:")J 
Although the use of (E-E*) and J (E'-l)-(E-E*) 1 expressions is 
satisfactory for cure systems 'having a large content of 
accelerator like those in Mixes Band y, they fail to be applicable 
in the case of Mix A which has a loVl accelerator content, 
because (E-E*) values are generally less than zero. The following 
reasons may adequately account for this. Firstly; the elemental 
sulphur in the mix was used as supplied, and was not recrysta-
llized. Therefore, E* values may represent an overestimate 
of the effective concentration of elemental sulphur. Secondly, 
r 
the concentration of pendent 'groups in Mix A is expected to ·be 
very small. Campbell has repo'rted that,for a cure system 
(0.6CBS/2.5S) which is similar to the present system in Mix A, 
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the total number of pendent groups was only 3% of the total 
number of crosslinks at optimum crosslinking, and it rose only 
to 9% at long cure times 74 • Therefore, some errors in the 
estimation of E* or E and E', and a small deviation in the 
assumptions connected with the definition of E* would readily 
nullify the procedure·for obtaining the correct values of 
(E-E*) and [(E'-l)-(E-E*) 1 . 
6.3.2.5 CYclic sulphi_des and 1?endent acc~lerat."-r_ Z.rQuJ?s 
[ I [ S 2-1 of. Mij{. A. Since values of Sc + for Mix A at all. cure 
temperatures and times do not generally exceed 8.05 x 10-4 g. 
atoms/g. RH, the ooncentration of elemental sUlphur used in 
the Mix A, the intramolecular sulphidic groups therefore exist 
mainly. as cyclic sUlphides. With increasing temperature, (E'-l) 
values increase suggesting that there is a major increase in 
the proportion of cyclic sUlphides. The pendent accelerator 
groups, if present, may only exist in a very small amount. 
6.4 Zinc sulphide formation 
The zinc sulphide concentrations in terms of [s2-1 
(g. ions/g. RH) and F (ratio of sulphide ions/chemical crosslink) 
values are given in Tables 18-20. The F values of Mix A ()l) 
are high while those of Mixes Band C are relatively low, 
reflecting that the former has an inefficient vulcanization 
system, and the cure systems of Mixes Band C are efficient. 
It is interesting to note that the ratio of zinc sUlphide/chemical 
crosslink of Mix C can be considerably lower than unity 
especially in the early stages of crosslinking (Table 20). 
This implies that zinc sulphi·de may have a transient existence 
only26, and it may be further consumed by other reactions 
during vulcanization. 
.l 
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As cure temperatures increase from 1400 C to aoooc, F 
values increase substantially in the case of Mix A, and by 
a smaller amount in the case of Mixes Band C. A comparision 
of F values with values of E' and C2M h ] -1 reveals that 
c,c em. 
the increase in the F values is generally accompanied by a 
simultaneous increase of E' (hence E'-l) values as well as 
a de~rease in (2M h 1 -1 values.~Therefore, the increase C ,c em. . 
in. the relative proportion of zinc sulphide to crosslinks 
v;ith rising cure temperature must be at least partly related 
to the increase in the extent of main-chain modification by 
sulphidic groups, and also to the disappearance of chemical 
crosslinks. 
/ 
.\ 
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TABLE 18 
(0.5 CBS:2.5S) vulcanized at 140-2000 C 
,. , 
and F of Mix A Values of E, E 
Cure [2M c , chem,)-l Network combined sulphur Sulphur efficien~ies Sulphide sulphur F 
time x 105 x 104 (g. atom/g. RH) (atoms L Chem:cros link) [S2-) x 104 (sulphide ions/ 
• (min. ) (g. mole/g. RH) [ Sc], before [ SC') , after ; (g. ion/g. RH) Chem. crosslink) E Et, 
Ph3P treat; " Ph3P treat. 
At 140°0 
15 4.35 4.29 . 1.86 9.9 4.3 1. 00 2.3 
30 5.10 5.47 . 3.15 10.7 6.2 1.50 2.9 
45 4.90 5.79 11.8 
- 1.54 3.1 
120 3.50 5.54 4.72 15.8 13.5' 1.97 5.6 
360 2.00 5.40 5.04 27.0 25.2 2.22 11.1 
At 160°0 . 
5 4.03 4.43 2.04 11.0 6.0 1.22 3.0 
8 4.10 5.61 3.00 13.7 7.3 1.54 3.8 
12 3.90 5.83 3.75 15.0 9.6 1.64 4.2 
30 2.45 5.61 5.47 22.9 22.3 ' 2.11 8.6 
120 1.45 5.47 5.44 37.7 37.5' 
., 2.32 16.0 
At 180°0 
.. 
2 3.30 5.33 3.36 . 1.§....l 10.~ 1.43 4.3 
3 3.05 5.51 3.65 18.1 12.0 1.72 5.6 
5 2.00 6.15 5.44 30.8 27.'2' . 1.93 9.7 
60 1.08 5.44 5.40 50.4 ,50,'b' 2.25 20.8 
At 200°0 
2 1.20 5.83 4.72 48.5 39.,3 1. 61 13.4 
3 1.12 5.90 5.01 52.7 44.7 1.79 16.0 
"' .. 
20 0.85 5.22 4.79 61.4 56.~ 2.22 26.1 
; , 
\ 
- 120 -
TABLE 19 
Values ofE, E' and F for Mix B (3.5 CBS : 1.5 S) vulcanized at 140-200oC 
Cure 
time 
(min.) 
At 140°C 
30 
60 
120 
180 
310 
At 160°C 
4. 
·6 
12 
30 
120 
At 180°C 
1 
3 
6 
12 
90 
At 200°C 
0.5 
1 
2 
5.5 
30 
12M c, ch1f1. J -1 
x 10 . 
(g. mole/g. RH) 
9.03 
9.30 
9.42 
9.25 
8.25 
6.80 
8.10 
8.04 
7.85 
6.85 
5.90 
6.55 
6.10 
5.55 
4.47 
5.80 
5.70 
5.15 
3.85 
2.90 
Netw,frk combined sulphur' 
x 10 (g. atom/g. RH) 
[Scl ,before [Se' J • after 
Ph3P treatment Ph3P treatment 
3.57 
3.39 
3.35 
3.28 
3.20 
3.31 
3~28 
3.20 
3.02 
2.95 
3.90 
3.79 
3.31 
3.13 
2.66 
4.00 
3.79 
3.57 
3.31 
3.09 
2.33 
2.51 
2.61 
2.48 
2.55 
1.57 
2.44 
2.48 
2.44 
2.44 
1.64 
2.73 
2.58 
2.69 
2.66 
2.37 
2.69 
2.88 
3.09 
2.88 
Sulphur Efficienci'<s 
(atoms / Chem! crosslink) 
El E' 
4.0 
3.7 
3.6 
3.5 
3.9 
4.9 
U 
4.0 
3.9 
4.3 
6.6 
5.8 
5.4 
5.6 
6.0 
~ 
6.7 
6.9 
8.6 
10.7 
,. 
, .. 
2.6 
2.7 
2.8 
2.7 
3.1 
2.3 
3.0 
3.1 
~: 3.1 
• I 3.6 
'''i 
I 
I 
I 
,2.8 
, 4•2 
I 
1 4•2 
I 
14.8 
I 
· I 5.9 
· i 
, ! 4.1 
,4.7 
'I ", 
5.6 
'1 8•0 
· 19.9 
I 
I 
. ·1 
.. I 
I 
I 
I 
.' I 
I 
: i 
., 
Sul~hide sulphur 
I S -Ix 104 
(g. ion/g. RH) 
1.06 
1.38 
1.71 
1.93 
2.22 
0.73 
0.98 
1.35 
1. 78 
2.37 
0.57 
1. 06 
1.67 
2.00 
2.51 
0.80 
1.13 
1.46 
1.97 
2.29 
F 
(sulphide 
ions/chem. 
crosslink) 
1.2 
1.5 
1.8 
2.1 
2.7 
1.1 
1.2 
1.7 
2.3 
3.5 
1.0 
1.6 
2.7 
3.6 
5.6 
1.4 
2.0 
2.8 
5.1 
7.9 
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TABLE 20 
Values of E, E' and F for Mix C (6.0 CBS 0.4S) vulcanized at 140-2000 C 
[2 M:c I chem.l-1 
, 
Cure Network combined sulphur Sulphur Efficiencies Sul~hide sulphur F 
time 'x 105 x 104 (g. atom/g. RH} (atoms t. Chem. crosslink) [S -) x 104 (sulphide 
(min.) {g. mole/g. RH) [ Sc) I before [Scl ], after E . E' g. ion/g.RH ions/chem. 
Ph3P treatment Ph3P treatment . cros slink) 
At 140°C 
40 2.57 1.73 1.22 6.7 4.7 0.07 0.3 
60 4.10 1.58 1.25 3.9 3.1 0.02 0.5 
120 4.30 1.40 1.25 3.3 2.9 0.33 0.8 
360 4.05 1.22 1.22 3.0 3.0 0.52 1.3 
At 160°C 
12 2.45 1.77 1.07 7.2 4.4 0.11 0.5 
16 3.55 1.47 1.36 4.1 3.8 0.18 0.5 
22 3.85 1.44 1.36 3.7 i 3.5 0.26 0.7 
120 3.40 1.22 1.18 3.6 3.5 0.63 1.9 
At 180°0 
I 
4 2.77 1.77 1.36 6.4 ' I 4.9 0.11 0.4 I 
.6 3.30 1.77 1.40 5.4 4.2 0.26 0.8 
8 3.25 1. 73 1.40 5.3 4.3 0.37 1.1 
20 2.82 1.62 1.36 5.7 4.8 0.59 2.1 
60 2.45 1.29 1.29 5.3 5.3 0.74 3.0 
At 200°0 
'"', 
2 2.80 1.70 1.44 6.1 5.2 0.33 1.2 
4 2.60 1.58 1.55 6.1 6.0 0.48 1.8 
6 2.40 1.55 1.51 6.5 6.3 0.63 2.6 
. ,'.' 
12 2.17 1.51 1.47 7.0 6.8 0.70 3.2 
30 1.80 1.40 1.40 7.8 
I ! 7.8 0.77 4.3 
.. ' 
'," 
" 
. -.', 
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TABLE 21 
Atoms of sulphur present in pendent and cyclic sulphidic groups for 
vulcanizates of Mixes B and C. 
Experimental errors were within:!: 6% of the reported values for (E-E*); 
:!: 10% of the reported values for [(E~l) - (E-E*)] and ± 0.003% w/w for 
free sulphur. 
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6.5 Conclusions 
Mix A is inefficient in utilising the sulphur for cross-
linking, resulting in an extensive main-chain modification 
b~ sUlphidic groups, especially at long cure times. In 
contrast, the vulcanization systems of Mixes Band Care 
efficient, resulting in a.major proportion of monosulphidic 
crosslinks and minimal sulphidic modification of main-chain. 
Raising the cure temperature from 140°C to 200°C 
increases the proportion of sulphidic main-chain modifications 
to chemical crosslinks in the networks of all the Series I 
mixes. In particular, the sUlphidic main-chain modification 
of Mix A at 2000C.is as extensive as that of an unaccelerated 
sUlphur network. 
For vulcanization systems which use a high content of 
sUlphenamide accelerator, the sulphur present in the pendent 
accelerator groups and in the cyclic sulphides can be assessed 
qUqntitativelY by the expressions (E-E*) and [(E'-l)-(E-E*~ 
respectively. The values of these two expressions show that~ for Mix B 
at 140°C, the intramolecular groups exist to ~ major extent 
as cyclic SUlphides, and to a minor extent as pendent accelerator 
groups. As the cure temperature is raised, the incI'ease in "the 
sulphidic main-chain modification is mainly due to the 
increased formation of cyclic sulphides; For Mix C at 140°C, 
the proportio~of cyclic sulphides and pendent groups make 
approximately equql contributions to the sulphidic main-chain 
modifications. At increasing cure temperatures, there is a 
major increase of pendent accelerator groups •. 
For Mix A, the sulphur values ([Sol +[S2~]·). reveal that 
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the intramolecular sulphidic groups exist predominantly as 
cyclic sulphides; the extent of which increases with rising 
cure temperatures. 
The formation of zinc sulphide relative to chemical 
crosslink density increases with rising cure temperature 
from 1400 C to 200oC. This increase is at least partly related 
to the disappearance of chemical crosslinks and to the simul-
taneous increase of sUlphidic main-chain modifications. 
I 
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CHAPTER 7 
7. INFLUENCE OF CURE TEMPERATURE ON MAIN-CHAIN SCISSION 
DURING VULCANIZATION 
7.1 Introduction 
.Main-chain sCission, if it occurs during vulcanization, 
causes an ,.increase' of free chain ends in the network, a sub-
stantial amount of which may adversely affect the mechanical 
properties of the vulcanizate. Because of the high temperature 
used for vulcanization in the present work, it was considered 
essential. to attempt a quantitative estimation of chain scission 
as this might account for the inferior properties of the high 
temperature vulcanizates. 'In addition, the use of the Mulli~s­
Moore-Vlatso,n equation (34') for the estimation of chemical 
crosslink density assumes that negligible chain scission 
occurs during vulcanization. If chain scission occurs, a 
quantitative estimation of its 'occurrence can' enable this 
equation to be suitably modified so as to give the corrected 
value of chemical crosslink density. 
This chapter describes the resuits of the investigation 
of chain scission durin~ vulcanization of Series I mixes at 
l40-2000 C. The possibility of chain scission was examined 
quantitatively by analysis of sol-gel data, and qualitatively 
from the ?\,* value (i.e. the extension ratio at which the 
MooneY-Rivlin plot of stress-strain data dev~ates from its 
linear portion by 2t% of the Cl value). The reliability of the sol-
gel analysis. and the doubts co ncerning the use of X* have been 
discussed in Chapter 1 (section'1.3.5) and experimental details 
have been given in Chapter 2. 
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7.2 Investigation of main-chain scission by sol-gel analysis 
The results of the determination of the sol and gel 
fractions in the vulcanizates of Mixes A, Band C, prepared' 
at l40-2000 C for various times, are summarised in Tables 22, 23 
and 24 respectively. To measure the extent of chain scission 
during vulcanization, the sol-gel data were analysed using the 
relationship established by Charlesby and Pinner89 : 
(22) 
where S is the sol fraction, p and q are the fractions of sit~s 
at which random scission and crosslinking have occurred 
respectively, and Y
n 
is the number-average chain length of 
an uncured polymer having a random chain length distribution. 
Crosslinking and chain scission are expected to be random during 
vulcanization. The chain length distribution, in the case of the 
present Mixes A, Band C, which have been masticated to a 
limiting viscosity number [~l,of about 3.di/g, should be suff-
iciently close to random because it has been shown that NR 
mixes milled to a v:!-scosity in the range 1.5(['Il]<:4.0 dl/g 
possess ~ random distribution with a very small deviationl~. 
These facts justify the plotting of the sol-gel data as 
t 1 - ~l S + S against q- to give a straight line of slope Yn and 
intercept p/q which is the relative frequency of chain scission 
to cross'linking. 
Figure 35 shows the Charlesby-Pinner plots of the sol-
gel data given in Tables 22-24'. For each of the three mixes 
(A, B and C), there is a linear fit to all the data obtained'", 
from the four vulcanization temperatures. This convincingly 
,proves that there is a negligible dependence of the ratio of 
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TABLE 22· 
Sol-gel data for vulcanizates of Mix A prepared at 140-200°0 
Oure Sol Gel 1 ( 2M c• chem.l -1x105 time wt.% (S+S2) '-1 q -2 
. (min.) (g. mole/g. RH) x10 
At 140°0 
15 0.233 0.0497 4.35 1.69 
30 0.205 0.0473 5.10 1.44 
60 0.259 0.0535 4.50 1.63 
120 0.386 0.0660 3.50 2.10 
360 1.072 0.1142 2.00 3.68 
At 160°0 
5 0.242 0.0526 ·4.03 1.82 
8 0.227 0.0499 4.10 1.79 
16 0.445 :. 0.0712 3.50 . 2.10 
30 0.724 0.0924 2.45 2.99 
120 2.218 ' 0.1708 1.45 .5.05 
At 180°0 
1.5 0.608 0.0842 2.60 2.82 
2 0.436 0.0704 3.30 2.23 
5 1.046 0.1128 2.00 3.68 
12 2.745 0.1932 1.25 5.88 
60 3.814 0.2334 1.08 6.80 
At 200°0 
1 1.010 0.1106 2.18 3.37 
1.5 1.239 0.1237 1.87 3.92 
2 2.637 0.1888 1.20 6.13 
4 3.848 0.2347 1.05 6.99 
20 \'l~ 869 0.2694 0.85 
, " 
8.62 
... 
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TABLE 23 ,. 
Sol-gel data for vulcanizates of Mix B prepared at 140-2000 C 
Cure 
time 
(min.) 
At 140°C 
30 
60 
120 
310 
At 160°C' 
5 
8 
120 
At 180°C 
3 
8 
20 
90 
At 200°C 
0.5 
1.5 
2.5 
5.5 
Wt% 
0.050 ' 
0.041 . 
0.042 . 
0.061 
0.070 
0.063 
0.094 
0.102 
0.113 
0.146 
0.225 
0.114 
0.147 
0.167 
0.285 
Sol Gel 
1 (S+S2) I . ]-1 5 2M'c,chem; .. x 10 
(g. mole/g. RH) 
0.0229 9.03 
0.0207 9.30 
0.0208 9.42 
0.0252 8.25 
0.0272 . 7.50 
0.0257 8.10 
0.0315 6.85 
0.0329 6.55 
0.0348 6.10 
0.0397 5.05 
0.0497 4.47 
0.0349 5.80 
0.0398 5.26 
0.0425 4.67 
0.0563 3.85 
-1 
q -2 
x 10 
0.81 
0.79 
0.78 
0.89 
0.98 
0.91 
1.07 
1.12 
1.20 
1.45 
1.64 
1.27 
1.40 
1.57 
1.91 
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TABLE 24 
Sol-gel data for vulcanizates of Mix C prepared at 140-2000C 
Cure Sol Gel 
time wt.% (S+S~) r 1 -1 5 -1 2M'c,chem. xlO q -2 (min.) (g. mole/g. RH) x 10 
At 1400C-
40 0.344 0.0621 2.57 2.86 
60 0.165 0.0423 4.10 1.79 
120 0.140 0.0404 4.30 1.71 
360 0.183 0.0446 4.05 1.81 
, At 160°C 
16 0.253 0.0528 3.55 2.07 
22 0.208 0.0477 3.85 1.91 
120 0.290 0.0568 3.40 2.16 
At 180°C 
6 0.305 0.0583 3.30 2.23 
8 0.299 0.0577 3.25 2.26 
12 0.,307 0.0585 3.17 2.31 
20 0.373 0.0648 2.82. 2.60 
60 0.522 0.0775 2.45 2.97 
At 200°C 
2 0.386 0.0660 2.80 2.62 
4 0.474 0.0736 2.60 2.82 
5 0.482 0.0743 2.50 2.94 
6 0.551 0.0798 2.40 3.06 . 
12 0.676 0.0890 2.17 3.38 
30 1.024 0.1140 1.80 4.08 
0.12 
0.1,0 
L) 
~QOS 
Cl) 
«VI 
w 
>< >< 
........... 
~~ 
I I Q06 
N 
~> 
.... VI VI 
+ + 
v: VI 0.04 
N 
0.02 
- no -
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I:::.. 160°C 
0 1S0°C 
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o· 
Figure 35 - Plot of S+S~ against q -1 for Series I mixes - A, D and C 
chain scission t~ crosslinking on the cure temperature in the 
range 140-2000 C • The linear regression equations derived from 
the application of the least square principle are:-
Mix A. S + st = -0.0024 + 3·24 x 10-4q-l (41) 
Mix B. s + st,= -0.0018 + 2.99 x 10-4q-l (42) 
Mix C, s + st = -0.0071 + 2.82 x -4 -1 10 q (43) 
Within the experimental error, these intercept values of p/q 
as given by the equations (41-43) are not very different from 
zero. This suggests that there is no or negligible chain 
scission during vulcanization of Mixes A, Band C at 140-2000 C. 
Therefore, there is no occasion to correct the chemical cross-
link density estimated from the Mullins-Moore-Watson equation (34) 
A further statistical analysis of the plotted data shows 
that, in the case of Mix. A, p/q is less than 0.0083 at 90% 
confidence limit. In the case of Mixes Band C, p/q is less 
than '0.002 and 0.0015 respectively at 98% confidence limit. 
These statistical'values suggest that, in Mix A, less than one 
random chain scission has occurred for every 100 events of 
crosslinkingj whereas, in Mixes B and,C, less than one scission 
has occurred for every five hundred events of crosslinking. 
As a check on the accuracy of the plots in Figure 35, 
the Mn values calculated from the slopes of the linear equations 
are in close agreement with the re'spective Mn values, as shown 
in Table 25: 
TABLE 25 
Mn values obtained from the slopes of the CharIesby-Pinner plots 
and from 
Mix No. 
A 
B 
C 
solution viscosity measurements 
M xlO-5 from slope M xlO-5 from 
n ' n 
2.09 
2.28 
2.41 
2.14 
2.16 
2.30 
... 
<11 
u ~ 
c 
o :;_._.,., 
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Figure 36 - Infra-red spectrum of sol rubber obtained from the benzene extract 
1000 700 
, 
l 
I 
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To confirm'that the true sol rubber has been measured, 
the sol content in the benzene extract was also recovered by 
freeze drying. The. subsequent examination of its infra-red, 
spectrum (Figure 36) revealed that it was, in fact, the hydro--
carbon of natural rubber. 
In support of the present sol-gel results, Bristow has 
found that the relationship between chain scission and cross-
linking is independent of cure temperature in the range 110-1600 C 
for dicumyl peroxide-cured NR93 ; and in the range l40-l800 C 
for CBS-accelerated NR systems136 • 
7.3 Investigation of main-chain scission by X* method 
Mullins showed that the _"-* value depends on Mc but is 
independent of M
n
, whereas the Cl value depends on 
Mn96• In particular, A* increases as Mc increases 
both Mc and 
u- .,[ .. )-1 ~.e. ~nc;~hem.' 
-value dec.reases}; while its value is unaffected by changes in 
the Mn value. Since there are doubts regarding the use of the 
>,.* value to find the change in M . quanti tatively, the ... 
n . 
presence or absence of main-chain scission may be deduced only 
from the trends of Cl and "*. DUnn and scanlan13~ in their 
study of network change during ageing,' concluded that degra-
dation was due to main-chain scission only, based on the evidence 
that the ~* value either decreases or remains constant as 
Cl decreases. 
The values of Cl and ~* are 'given in Table 26 for vul-
canizates of Mixes A, Band C. The results for each of the 
three mixes indicate that A* increases as Cl decreases, when 
the cure temperature is raised from 140 to 2000 C. Both these 
trends of Cl and ~* values suggest·that the chemical cross-
link density decreases, and there is no reduction ill the 
TABLE 26 
Values of Cl and 'X. * for Series I mixes vulcanized at 140-200oC 
Mix A MixB MixC 
-6 -6 
>..* Cure -6 ~ . Cure C x 10 2 ).,,* Cure C x 10 2 C x 10 2 
time (J-ynes/ cm ) time (J-ynes/cm ) time (d}nes/cm ) 
(min.) (min. ) (min. ) 
At 140°C At 140°C At 140°C 
30 1.68 2.78 20 2.47 2.30 40 1.04 3.08 
45 1.62 2.82 45 2.62 2.22 60 1.45 2.74 
60 1.46 2.70 120 2.66 2.13 120 1.49 2.69 
310 2.40 2.25 360 1.48 2.63 
At 160°C At 160°C At 160°C I \ 
5 1.42 2.89 4 2.07 2.27 12 1.02 3.10 
8 1.44 2.74 12 2.36 ·2.25 16 1.32 2.78 
16 1.30 2.78 20 2.33 ·2.29 22 1.38 2.76 
30 1.03 2.82 120 2.08 2.33 120 1.27 2.65 
At 180°C At 180°C At 180°C 1 
1.5 1.07 2.90 2 2.01 2.43 4 1.11 2.82 
2 1.25 2.86 3 2.03 2.41 6 1.25 2.86 
7 0.73 2.94 12 1.79 2.44 12 1.22 2.86 
90 1.47 2.50 60 1.03 2.83 
At 200°C At 200°C At 200°C 
1 0.95 2.94 0.5 1.85 2.47 2 1.12 2.90 
1.5 0.85 2.99 1 1.82 2.48 4 1.08 2.90 
3 0.55 3.03 3.5 1.48 2.70 6 1.01 2.91 
6 0.44 3.18 30 1.15 2.86 12 0.94 2.99 
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molecular weight of the rubber chains as cure temperature is 
increased. This conclusion appears to agree with that reached 
from the sol-gel analysis. Porter127 also reported a 'similar 
finding based on the X* and Cl values for a cure system close 
to that of Mix A. 
In the author's opinion, the agreement in the conclusions 
reached from the '" *, and the sol-gel analysis methods does 
not necessarily confirm that the ~* method, as used in the 
present work, is sound. If chain scission occurs concurrently 
with the crosslink disappearance during vulcanization, the 
interpretation of the "-* values will undoubtedly be complicated. 
In the present case, this complication does not arise, since 
'the sol-gel results which are more reliable have proved that 
chain scission is negligible. 
7.4 Conclusions 
In the case of the CBS-accelerated systems, there is no 
dependence of the ,relative occurrence of chain scission and 
crosslinking on the cure temperature in the range 140-2000 C. 
From the statistical results of the Ch~rlesby-Pinner plot of 
sol-gel data, in Mix A, less than 1 site of chain scission 
per 100 crosslinked isoprene units was established. In the cases 
of Mixes Band C, less ,than 1 site of chain scission per 500 
cross1inked isoprene units was indicated. The change of Cl 
value with the onset of the finite extensibility effect, as 
shown by the )\.* value, appears to confirm the absence of 
chain 'scissionduringvu1caniza tion.' 
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CHAPTER 8 
8. CORRELATION OF NETWORK STRUCTURES WITH PHYSICAL PROPERTIES 
8.1 Introduction 
The effect of high cure temperatures on the physical 
properties of carbon black filled NR mixes having similar cure 
systems to those used in Mixes A and B has recently been 
establishedl.:Having characterized the network structures of 
Mixes A and B formed at different temperatures (140-2000 C), 
as shown in Chapter 3-7, it is useful to correlate these net~ 
work. structures with the physical properties of the corres-
.ponding black-filled mixes. This correlation is justified 
because it has been shown that the prese~ce of carbon black' 
only slightly alters the crosslinking efficiency of sulphur 
and the structures in the network138-140. To a first approxi-
mation, the quantitative characterization of network structures 
of pure gum vulcanizates is expected to be valid for the 
corresponding carbon black filled vulcanizates. The correlation, 
which is to be described in this chapter, aims to understand 
how the changes in physical properties caused by the increasing 
cure temperatures, are governed by the changes in the network 
structures. This exercise also aims to ascertain the network 
structures essential for producing better performance in the 
high temperature vulcanizates and to suggest how it can be 
achieved by modification of the vulcanization recipes. 
- l3? -
8.2 Correlation of structures with properties 
8.2.1 Mechanical strength, resllien~e,_and hardnes~ 
The results in Figure'3? show that raising the 
cure temperature, from l400 C reduces considerably the values 
of tensile stress at break, tear strength, stress at 300% 
elongation, resilience and hardness of the filled tread-type 
NR vulcanizates (Data from an investigation previously carried 
, 1 
out by the author ). These vulcanizates, from which the above 
data were obtained, have a ratio of CBS/sulphur (0.5/2.5), 
the same as that used in the Mix A. From the network results 
of Mix A (Chapters 3-4), it is now clear that this lower level 
of properties must be due to'a lower level of crosslinks being 
formed at elevated cure temperatures, in particular a lower 
level of polysulphidic crosslinks. Furthermore, an important 
additional reason for the reduced strength and resilience is 
the increased extent of main-chain modification by cyclic 
sulphides (Chapter 6) which inhibit the strain-induced cry-
stallization and hinder the flexibility of the rubber 
chain. This conclusion is consistent with the fact that a poly-
sulphidic network with minimal main-chain modifications is ' 
essential for high strength and resilience14l-l43. Polysul-
phidic crosslinks confer high tensile strength because of their 
special ability to undergo readily crosslink exchange under stress. 
, The mechanical,strength of a vulcanizate also depends 
critically on the molecular weight of the initial rubber chain 
in the mix144. Chain sCission, if it occurs to a large extent 
during vulcanization, will drastically reduce the molecular. 
weight of the rubber chain. If the effective initial molecular 
weight falls below a certain critical value (ca. 50,000) a rapid 
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loss in strength results143 • The sol-gel results of Mix A, . 
as shown in Chapter 7, established that negligible chain scission 
has occurred during vulcanization at l40-2000 C, and hence 
the possibility of chain scission as the cause f~ the loss ~ 
of properties at higher cure temperatures is ruled out. 
It is known that the stress and elongation at break can 
drop sharply when a sUbstantial amount of cis-trans isomerized 
. 9 v groups ha~ been formed in the hydrocarbon of the NR vulcan- ~ 
izate145-l47. The influence of .. cure temperature on the formation 
of these cis-trans isomerized groups was not investigated in 
this work. Recent evidence based on infra-red ana.lysis suggests 
that increased cis-trans isomerism (and polymer cyclization) 
occurs during accelerated SUlphur vulcanization of NR at higher 
temperatu~es128. The irreg~larity caused by the presence of these 
undesirable microstructures in the network can evidently cause 
a much lower level of mechanical properties~ 
NR mixes having higher CBS and intermediate sulphur 
contents have been shown to give a good level of physical 
1 properties in vulcanizates prepared at high temperatures • 
One suitable formulation is that with '3.5 phr of CBS and 1.5 
phr of sulphur, as demonstrated by the results of the mechanical 
properties of the filled vulcanizates prepared at l800 C and 
at 2200 C (Table 27). The network results of Mix B, which has 
the same ratio of CBS/sulphur. suggest that the good level of 
properties must be due to (a) a sufficient number of crosslinks 
,being formed at these high temperatures, as supported by 
the results of Figure 9 in Chapter 3. and (b) a minim~l extent 
of sulphidic main-chain modification', present in· the network 
as revealed by the low (E'-l) v.alues (Table 19). Furthermore, 
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TABLE 27 
Effect of high temperature vulcanization on the physical properties of 
black-filled :NB mixes with various CBS/su1phur ratios (obtained from 
Loo,cC. T. M.Sc. ,Project Report 1971, Loughborough U. of Tech.) 
Base Mix (pphr) : Natural rubber lOO, HAF black 50, Zinc Oxide 3, 
Stearic acid 2, a Antioxidant 3. Paraffin wax 1, 
Processing oil (Dutrex RT) 6. 
MixNo.-
CBS 
Sulphur 
Tensile stress at break (MN/m2) 
180°C, 70 cure units 
% loss b 
220°C. 70 cure units 
% loss 
Stress at 300% elongation (MN/m2) 
180°C. 70 cure units . . 
% loss 
° 220 C, 70 cure units 
% loss 
Resilience (%) 
° 180 C, 70 cure units 
% loss 
220°C. 70 cure units 
. % lOBS 
D 
2.5 
0.5 
13.0 
47.2 
4.2 
82.9 
.. 
6.2 
49.6 
2.8 
77.2 
45.7 
22.8 
28.2 
52.4 
'l 
. ) 
J 
* 
* 
E 
3.5 
1.5 
24.2 
1.6 
17.9 
27.2 
16.0 
30.1 
9.6 
22.0 
67.7 
14.4 
48.1 
18.7 
a. Mixed diary1-p-pheny1ene diamine ; Wing-stay 200. 
b. % values were calculated with respect to the value of Mix D at 140°C, 
70 cure units. 
* These figures are percentage gain values. 
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because of. the higher proportion of monosulphidic crosslinks 
fo~med, the vulcanizate network of this mix is stable to heat, 
and the initial properties can be largely retained on overcure 
or on thermal ageing. 
8.2.2 Fle~. fatigue 
In the case of Mix A, the vulcanizate network produced 
o 
at higher cure temperatures (180-200 C), and after long cure 
times. consists of a major proportion of monosulphidic cross-
links and a highly modified main-chain structure (>90% 51' 
and high. Ef,,). It is worthwhile noting that such network arrange-
ment gives good resistance to flex cracking, as previously reported 
for the corresponding black-filled vulcanizates of NRl • The 
presence of appreciable main-chain modification in the mono-
sulphidic network is therefore conducive'to good flex fatigue 
, 
resistance. This correlation is rather surprising because the 
monosulphidic EV network has been generally found to give poor 
fatigue life, in comparision with the conventional vUlcanizates 
which have a major proportion of polysulphidic crosslinks 
(at the optimum cure). A similar conclusion has also been 
reported by Bristow and Tiller14l and by Blackman and McCall148 
for the gum and filled NR vulcanizates with zinc dimethylthio-
carbamate accelerated system. In support of the above correlation, 
they showed that the unaged fatigue life of a network which 
contains primarily monosulphidic crosslinks and extensive' 
main-chain modification equals that of a network consisting 
of a high proportion of polysulphidic crosslinks (about 70%) 
and a moderate degree of main-chain modification (E'=7).as 
encountered in the conventional CBS-accelerated. system at l40oC. 
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The reason for this correlation of fatigue resistance with 
such network stru'ctures is however not adequately understood. 
8 . 0 .2.3 Hardening during oxid.a.!:;Ly~ a£~ing at /3.0 ~ 
The correlation of structures with ageing properties 
was not originally planned for the present work, although it 
could. be a valuable exercise. In view of the finding that the 
networks of Mixes A, Band e, formed at high cure temperatures, 
contain a higher amount of sulphidic main-chain modifications 
such as cyclic sulphides and pendent accelerator groups, it 
was later considered of interest to examine whether these 
structures could lead to different behaviour during the oxidative 
ageing. For economy of the experimental time, the ageing 
behaviour of selected vulcanizates of Mixes A, Band e was 
investigated by following the change in microhardness of " 
samples during air ageing at 800 e. The selection of vUlcanizates 
was based on the network results to give contrasting features 
in terms of the crosslink types and the extent as well'. as the 
nature of sulphidic main-chain modifications, as shown in 
. Table 28. 
'rhe results of microhardness as ·a function of ageing time 
are summarised in Table 28 and: plotted in Figure 38. These 
microhardness values demonstrate convincingly that, in the case 
of Mix A, the conventional CBS-vulcanizate prepared at 2000 e/2 
minutes ,undergoes pronounced hardening, indicating that a 
considerable degree of crosslinking has occurred during the 
oxidation at 800 e. This hardening is to be related to the presence 
of a major content of cyclic sulphides (E'=38.3). In contrast, 
the high temperature vUlcanizate of Mix e (2000 e/6 minutes cure) 
does not show any change in its microhardness throughout the 
·ageing time of 1270 hours. This means that a high content of 
. 
i", .. 
.~, -
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TABLE 28 
Changes in microhardness of selected vulcanizates of Mixes A, B and C 
(Series I) during thennal-oxidative aging at 80°C 
Mix No. 
CBS (pphr) 
Sulphur (pphr) 
. 0 
Cure temperature ( C) 
Cure time (min.) 
[2MC eh:m 1 -lx 105 (g.mole/ 
140 
45 
A 
'0.5 
2.5 
., . 
g.RH) 4.90 
Sl + S2 (% total crossl1nks) 40 
Sx (% total crossl1nks) 
Er - 1 
Major type of sulphidic 
main-chain modification 
60 
~.8 
Cyclic 
sulphidea 
200 
2 
1.20 
lie60 
)1'40 
38.3 
Cyclic 
sulphides 
B 
3.5 
1.5 
200 
2 
C 
6.0 
0.4 
200 
6 
4.6 5.3 
Cyclic Pendent 
sulphides groups 
Microhardness 
Unaged 
o Aged at 80 C (Hours) 
4 
22 
40 
94 
152 
300 
630 
805 
995 
1067 
1110 
1270 
41.0 
40.5 
40.8 
41.0 
41.4 
42.0 
42.7 
40.5 
40.0 
42.0 
43.0 
43.5 
47.6 
< 28 
< 28 
< 28 
< 28 
< 28 
28.4 
29.0 
31.8 
34.0 
38.5 
47.0 
51.0 
59.0 
* Approximate values, estimated from Table 13 
t Approximate values, estimated from Table 14 
41.6 
40.0 
40.0 
40.1 
40.1 
40.2 
40.8 
41.5 
42.0 
42.4 
42.6 
43.0 
43.3 
34.3 
32.2 
32.0 
32.1 
31.9 
32.0. 
32.2 
32.0 
32.0 
31. 8 
32.0 
32.0 
32.0 
~ Approximate values, estimated from the values at the equ:l..valent 
time at 1800 C (Table 15). 
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Figure 38 - Changes In microhardness of selected gum vulcanizates of Mixes A, Band C during aging at 80°C 
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pendent accelerator groups does not promote oxidative 
hardening. Alternatively, the EV network of Mix e is thermally 
stable during ageing at BOoe. Because of the high proportion 
of monosulphidic crosslinks present in the network (>90% SI)' 
the rate of oxidation for this EV vulcanizate,is much slower" 
and al,so ~ore responsive to antioxidant (Flectol -H) protection149-150. 
In the case of Mix B, the high temperature vUlcanizate (200oe/2 
minutes cure) exhibits a small rise in-hardness during ageing, 
and this can reasonably be attributed to the presence of a 
certain amount of cyclic sulphides as main-chain modifications 
(E'=4.6). The rapid drop in hardness during the initial period 
of ageing may be due to the catalytic efiac t 15~ of _ the c'onjugated 
dienes and trienes which could be depleted by oxidative reactions 
after the initial. period of 20 hours a-t Booe. 
Although the crosslinking on ageing of the conventionally 
accelerated sulphur vulcanizates (Mix A) has been well 
noted14B ,149,152 , the nature of the mechanism for this cross-
linking has not been established. It has however been shown 
, 
to be due to oxidation or is part of a reaction sequence 
started by oxidation153 • The present results confirm that the 
cyclic sulphides (and not the pendent accelerator groups) are 
involved in the oxidative crosslinking reactions of NR vulcanizates. 
B.3 Selection of cure systems to obtain high temperature 
vulcanizates with better performance 
The following suggestions for obtaining high temperature 
vulcanizates with a better level of physical properties are 
based on the correlation of structures with properties as has 
been discussed, and on the mechanistic interpretation of the 
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network changes with vulcanization temperature (as will be 
\ shown ·in Chapter 9). 
(a) To reduce crosslink destruction at elevated cure 
temperature, the polysulphidic crosslinks formed initially 
must be relatively short (Le. with a lower sulphur rank) 
and capable of desulphurating very rapidly into thermally 
stabie monosulphidic crosslinks.TO obtain the better properties 
such as strength, resilience and low temperature crystallization, 
a network with a relatively low extent of main-chain modification 
is desirable. These requirements call for the use of efficient 
vulcanization systems14- 16• Furthermore, the vulcanizates of 
the EV systems possess the superior resistance to thermal-
oxidative ageing, and improved compression set. In the case 
of the CBS-accelerated EV system, the zinc mercaptides formed 
during the vulcanization have been found to render the rubber 
. network very responsive to antioxidant protection15 • The 
abrasion resistance, strength, resilience and fatigue life 
(under relaxing conditions) of these EV systems are, however, 
inferior to those .of the conventional VUlcanization system. 
Considering the serious reversion associated with the conven-
tional vulcanization system, and the increasing demand for 
retention of physical properties at high service temperature, 
it is more desirable to use the EV systems for high temperature 
curing. Alternatively, the use of the semi-EVformulations, 
which represents a compromise between the conventional and EV 
systems,can be used particularly in the high temperature 
vul'canization of thin rubber articles. 
(b) As shown by the crosslink densities of Mix B at 
200°C (Figure :9 ), a SUfficient ,number of crosslinks must be 
\ 
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present in the network formed at high cure temperatures, in 
order to provide a good level of physical properties. The EV 
formulations currently recommended for vulcanization at 140-1600c 
may sometimes be less satisfactory for high temperature curing, 
owing to an insufficient number of crosslinks being formed. 
o This is exemplified by the results of Mix C at 200 C (Figure IQ). 
The crosslink density of 2.80 x 105moles/g. RH for 2 minutes 
o . 
at 200 C may be inadequate to provide enough strength and may 
accelerate the failure process during the service life of the 
vulcanizates15~. The use of the increased accelerator and sulphur 
contents (3.5CBS/l.5 sulphur as one such example) is therefore 
advantageous for high temperature vulcanization. In support of 
this, a similar suggestion has recently been made for high 
temperature vulcanization of sulphenamide-accelerated systems 
of synthetic cis-polyisoprene rUbber15:5• 
(c) The reactivity and solubility of the zinc accelerator-
activator complexes play an important role in the vulcanization 
. process. Accelerators which.are capable of producing active 
and soluble zinc accelerator-activator complexes in the rubber 
phase are more suitable for high temperature vulcanization. 
Among the sUlphenamides examined in this work, the accelerator 
which has a less bulky and more basic amine group such as the 
CBS gives the highest level of maximum crosslink formation at 
all cure temperatures from 1400 C to 18poC (Chapter 3). A 
synergistic combination of TMTD and CBS could be beneficial 
for obtaining a higher level of crosslinks i.e. for a given 
modulus, a lower level,of accelerator can be used if a syner-
gistic accelerator system is employed. 
- 148 -
,-
8.4 Conclusions 
High cure temperatures bring about an inferior level of 
physical properties such as strength, resilience and hardness 
in NR vulcanizates with a conventional ratio of CBS/?ulphur 
-(0.5/2.5r. This is due to a considerable drop in the chemical 
crosslink density and to an extensive modification of the main-
chain. Furthermore, pronounced hardening accompanies the 
thermal-oxidative ageing of high temperature (2000 C) vulcan-
izates. This hardening is attributed to oxidative crosslinking, 
and is related to the presence of cyclic sulphides. Appreciable 
main-chain modification in a monosulphidic network, as present 
in the high temperature vulcanizate (with a cure system of 
0.5CBS/2.5sulphur),is observed to be conducive to good flex 
. fatigue resistance. 
The high temperature vulcanizates with a higher ratio 
of CBS/sulphur (3.5/1.5) have an improved level of physical 
properti~s in comparision with those of the conventional CBS-
vUlcanizates~ This is because.a sufficient number of chemical 
crosslinks are being formed at high cure temperatures (180-2000 C) 
and there is relatively less sUlphidic main-chain 
modification. 
Networks. of EV systems such as those of Mixes B and C', 
formed at high cure temperatures, are thermally stable and 
provide excellent resistance to thermal-oxidative ageing. 
Suggestions for vulcanization formulations are proposed 
to obtain high temperature vulcanizates which give. an improved 
level of physical properties. They are (a) the use of EV or 
semi-EV formulations .tosuppress the thermal destruction of 
chemical crosslinksduring vulcanization, (b) the use of 
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increased contents of accelerator and a moderate amount of 
sulphur to ensure a sUfficient number of crosslinks being 
formed at high cure temperatures and (c) the use of a suitable 
accelerator or combination of accelerators to ensure, 
effectiv~ crosslink formation. 
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CHAPTER 9. 
9. MECHANISTIC INTERPRETATIONS: NETWORK CHANGES WITH 
VULCANIZATION TEMP~?ATURE 
9.1 Introduction 
. 'Ifr this chapter an attempt is made to interpret the 
influence of cure temperatures on the network structures, which 
have been found to exist, as reported in Chapter 3-7, in the 
light of the mechanism of sulphenamide-accelerated sulphur 
vulcanization of NR. This important exercise is,however, . 
!?ubjectto one serious drawback in that mechanisms for the accel-' 
erated sulphur vulcanization of NR have not been unequivocably 
established (see literature review in seg tion 1.4 of Chapter:, l~. 
In addition, very little is known about the effect of cure 
temperature,' in the range 140~200oc,.on the accelerated sulphu-
ration of model olefins, the cOl)lparision of which .with,,', .. 
the present network results might give more insight into the 
influence of cure temperature on the mechanisms of sulphuration. 
Therefore, a detailed account of the mechanism will not be 
attempted in this chapter. Rather the modest aim is to consider 
the chemical reactions which' occur during vulcanization and are 
related to the network changes br,ought about by the use of 
higher cure temperatures. The network results are to be inter-
preted in terms of the polar mechanism of Bateman and coworkers26 ,106. 
I ,., '. 
As discussed in Chapter 1, this polar mechanism is the most. 
plausible of all the schemes proposed. 
According to the polar mechanism, the .structure~ of the , X 
final vulcanizate network is governed by the relative rates of 
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the maturing reactions of the initially formed polysulphidic 
crosslinks, namely desulphuration, decomposition and interchange 
.', 
of sulphur bonds. These relative rates depend on the detailed 
structure of the crosslink termini, the nature and concentra-
tion 0 f the zinc acc elera tor mercaptide (ZMB'r)· complexes, and 
the vulcan~zation temperature and time. It would be of first 
importance to examine whether the present network results 
(Chapter 3-7) can be entirely rationalized by these maturing 
reactions of polysulphidic crosslinks. 
9.2 Influence of cure temperature on the maturing reactions 
of polysulphidic crosslinks 
For the cure system as used in Mix A and Series II mixes, 
the:low ratio of accelerator:sulphur (ca. 1:5) gives a low;, 
concentration of zinc mercaptide complexes which could lead 
to the formation of polysulphidic crosslinks predominantly at 
the backbone carbon atom d-methylenic to the double bond of 
the natural rubber hYdrOcarbon: (XXIII)106: 
(XXIII) 
Such polysulphidic crosslinks (AS- structures) can only desul-
phurate slowly, thus rendering the crosslinks very susceptible 
to thermal decomposition at high cure temperatures. In additi9n, 
for this cure system, the sulphur chain of the polysulphidic 
crosslinks is expected to be relatively long. Because thermal 
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instability increases with the number of sUlphur atoms in the 
crosslinks, such polysulphidic crosslinks would also be more 
prone to decomposition: 
H 
2+ Zn ) 
The mechanism of this reaction is not known, but intramolecular 
hydrogen transfer may be invol vedl06 • This thermal decomposi tion 
which appears to be uncatalysed could cause a decrease in the 
chemical crosslink density (Chapters 3-4) and the simultaneous 
increase in the formation of cyclic sulphides, zinc sulphide, 
(Chapter·6) and conjugated unsaturation. 
In the case of Mixes Band C," the higher ra~ios of 
CBS:sulphur (2.3:1 for Mix Band 15:1 for Mix C) give a higher 
concentration of zinc mercaptide complexes and so possibly 
promote ,the formation of polysulphidic 'crosslinks at the side-
chain methyl group'in the natural.rubber hydrocarbon (XXIV): 
(XXIV) 
Such polysulphidic crosslinks (BS- structures) desulphurate very 
rapidly to form thermally stable monosulphidic crosslinks, 
consequentlY suppressing the thermal decomposition of crosslinks 
- 153 -
at higher cure temperatures. This desulphuration is catalysed 
by zinc mercaptide complexes which may form new crosslinks 
from the sUlphur so released: 
~ 
SR 
(45) . 
S 
I 
~-lR 
2 RSyR 
IRH 
+ AS Sx_,ZnSA 
This could account for the majority of crosslinks being mono-
sUlphidic (Figures 27-30, Chapter 4), and for the minimal 
main-chain modification by the sulphidic groups (Table~ 19, 20 
Chapter 6). The faster rate of desulphuration observed in Mix C 
than that in Mix B is due to the greater concentratio'n of 
zinc mercapti~e complexes of the former. Because of the relative 
importance of this desulphuration, the loss of chemical cross-
links (Chapters 3-4) and the increase·in the sulphidic main-
chain modifications (Chapter 6) are relatively small as the· cure 
temperature is raised from 140°C. 
These maturing re~ctions of polysulphidic crosslinks 
certainly play an . important role in the influence of cure 
temperature ·"on the network structures-. But they cannot account 
for some of the present network resul ts which have been· shown 
in the previous chapters:-
Firstly, raising the cure. temperature from l400 C to· 2000 C 
.reduces the maximum value of crosslink density considerably. 
- .. . " 
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This'is well demonstrated by the results of Mixes Band C. The\rate 
of desulphuration for Mixes Band C is expected, and has been 
shown in Chapter 4, to be extremely rapid, but surprisingly 
there is still a sUbstantial drop in the concentration of 
monosulphidic crosslinks. This result evidently cannot be 
adeql.\ately explained by tl~e maturing reactions of polysulphidic 
crosslinks. 
Secondly, the loss of chemical crosslinks at times' 
corresponding to the maximum level of crosslinking is indepen-
dent of the identity of the sUlphenamides having different 
amine groups.Since the relative rates of the maturing reactions 
of polysulphidic crosslinks have. been: known'to be governed by 
the structure of the accelerator-activator complexes, the 
above result must imply that reactions other than maturing 
reactions may be important at higher cure temperatures. 
Thir.dly, the amount of pendent accelerator groups formed 
at 2000 C in the case of Mix C is higher than that formed at 
l400 C. Polysulphidic species of these pendent accelerator 
groups are known to be crosslink precursors i.e. crosslinks 
are generated from them. If the maturing reactions of poly-
sulphidic crosslinks are solely responsible for the network 
structures formed, an increase in the pendent groups at higher 
cure temperature (2000 C) may imply an increase in the chemical 
crosslink density, which is obviously not true. 
The above shows that maturing reactions of polysulphidic. 
crosslinks are not solely responsible for ,the network structures 
formed at high cure temperatures • .Fewer polysulphidic crosslinks 
are perhaps formed initially because the intermediates, which 
lead to the formation of polysulphidic crosslinks, have undergone 
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some undesirable reactions under the influence of higher cure 
temperatures. Therefore, one must consider the effect of cure 
temperature: on the various intermediates, formed prior to 
the crosslink formation. 
9.3 Influence of cure temperature on-the accelerator-activator 
complexes 
The initial step in accelerated sUlphur vulcanization 
is the reaction of sulphur with the 2MBT complexes formed 
in situ. These 2MBT complexes are only sparingly soluble in the 
rubber phase, but are rendered -very soluble through coordination 
with nitrogenous bases which are derived either from the 
dissociation of sulphenamide accelerator or from the nitro-
genous proteins of raw natural rubber26 ,106: 
I 
L 
.j. 
A-S-Zn-S-A 
t 
-L 
(XXV) 
/ 
i 
where L = Amines, 
nitrogenous protein, 
zinc carboxylate, 
The reactivity and effective concentration of the 2MBT complexes 
'.1 • 
(XXV) in the rubber phase are important factors in determining 
the network structures subsequently formed, because they are 
involved in the formation of sulphurating complexes, in the 
catalysed des\.llphuration-of polysulphidic crosslinks ana in the 
formation of rubber-bound intermediates. The present network 
results do not show clearly how cure temperature affects the 
behaviour of these 2MBT complexes 
not yet known whether-temperature 
during vulcanization. It is 
o· in the neighbourhood of 200 C 
can decompose part of these complexes into some unreactive 
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products, although they have been recently reported to be 
the,rmally stable up to 1600 C156• It is however possible that 
some of these coordinated 2MBT complexes are dissociated under 
the influence of higher cure temperatures. Consequently, the 
2MBT complexes are less soluble in, the rubber hydrocarbon, or 
have a reduced reactivity. This may lead to less effective 
crosslink formation. In support of this proposed mechanism, 
Milligan has reported that "although amine complexes of 2MBT 
were soluble at 250 C, precipitates formed at lOOoC and 1400 C, 
presumably due 1;0 partial dissociation into free amine, and 
the sparingly soluble zinc mercaptide,,108. Secondly,' this 
mechanism could account for the lack of effect of the type 
of sulphenamides,on the loss of crosslinks at higher cure tem-
! peratures. It could be that all the 2MBT" complexes formed from 
different sulphehamides (as used in Series II mixes; Chapter 3) 
are so dissociated at the high temperatures that essentially 
the same active species is present in each case. This species 
would presumably be the same as that present in the MBT- or 
", MBTS- accelerated systems. Furthermore, since this dissociation 
process is mainly governed by temperature, the loss in cross-
link formation is proportional to the temperature rise and 
independent of the ba~icity and structure of amines derived 
from the sUlphenamides. 
9.4 Influence of cure temperature on the pendent 'accelerator groups 
The pendent accelerator groups of polysulphidic character 
can be expected to under@ desulphuration, 'decomposition and 
interchange in the presence of the 2MBT complexes (XXV). While 
interchange'between these rubber-bound intermed~ates and zinc 
- 157 -
.' 
perthiomercaptides (formed from the 2MBT complexes) could lead. 
to cross1ink formation26 ,106, desu1phuration and decomposition 
could be important reactions at higher cure temperatures, as 
demonstrated in the following scheme:-
RH 
NX) ~. , R-S-C I y" # S 
LOW CBS/ 
HIGH SULPHUR 
DECOMPOSITION 
+ OTHER DECOMPOSITION 
PRODUCTS 
y;:> 1 
HIGH CBS/ 
LOW SULPHUR 
DESULPHURATION 
N . ~)[) R-S -C I y-x" b 
S 
+ 
l)) x R-S-C I 
's 
In the case of a low ratio of CBS/sulphur (Mix A), the 
average number of sulphur atoms in the pendent groups initially 
formed is expected: to be high, and thu.s the groups are thermally 
unstable. At higher cure temperatures, they might be thermally 
destroyed or undergo intramolecular reactions with the rubber 
chains to form more cyclic sulphides (as observed in Chapter 6). 
In consequence, the amount of chemical cross1inks will be 
considerably reduced as indeed the observed resu1.ts show 
(Chapters 3-4). 
In the case of a high ratio of CBS/su1phur (Mix C), po1y_ 
sulphidic pendent groups of a lower sulphur rank can be expected 
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to be formed initially, and thus they are less susceptible to 
thermal destruction at higher cure temperatures. However, under 
the catalysis of 2MBT complexes, more polysulphidic pendent 
groups can be expected to desulphurate to form a higher amount 
of monosulphidic pendent accelerator groups, which are unreactive. 
Its mechanism is presumably the same as that occurring in the \ 
desulphuration of polysulphidic crosslinks26 .' When this desul-
phuration occurs, the 'intended' cross1inking step is by-
passed. Such proposed mechanism could adequately account for 
the rise in the concentration of monosulphidic pendent groups 
(Chapter 6) and the considerable drop in monosulphidic cross-
links (Chapter 4) as observed in the case of Mix C. To cite a 
numerical example, the concentration of pendent accelerator 
groups (monosulphidic) increases from 2.)5 x 1O-5g.mole/g. RH at 
120 minutes/1400 C to 4.4 x 10-5g• mole/g. RH at 6 minutes/2000 C 
(calculations from Table 21', Chapter 6), while the chemical 
crosslink density'decreases from 4.3 x 10-5g. mole/g. RH to, 
2.4 x 10-5g. mole/g. RH. 
Since the ratio of CBS/sulphur used in Mix B is inter-
mediate between those of Mixes A and C, the relative importance 
of desulphuration and decomposition of polysulphidic pendent 
groups is difficult to assess. Judging from the result that 
there is a substantial increase ir cyclic sulphides as cure 
.temperature is raised from 1400 C to 2000 C, thermal decomposition 
and intramolecular reactions of the pendent groups are ,still 
probably important at high temperature. 
A combination of the above postulated, mechanisms and the 
maturing reactions of polysulphidic:, crosslinks .. would. now 
adequately rationalize the network changes with cure temperatures, 
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as observed in the present work. A more definite confirmation 
of these mechanisms calls for further investigation. 
9.5 Interpretation of the results of bi-thermal vulcanization 
The results of the bi-thermal vulcanization support the 
above discussion 'in two respects. Firstly, the irreversible 
rela~io~ship between the cure temperature and crosslink density 
is consistent with the proposed mechanisms that more sulphur 
(either from crosslinks or pendent groups) has been irrever-
sibly converted into intramolecular sulphidic groups and 
zinc sulphide. Secondly, once the polysulphidic crosslinks 
are formed, the relative rates of their maturing reactions 
become important in governing the network structures. 
9.6 Possibility of unaccelerated sulphur, vulcanization mechanism 
operating at high cure temperature 
The fact that the E (48-61) and,E' (39-56) values of Mix A at 
2000 C are as high as those found for an unaccelerated sulphur 
vulcanization of NR30 ,157 raises an important question. Is 
the mechanism of an unaccelerated sulphur vulcani,zation 
operative at high cure temperature (e.g. 2000 C)1 Alternatively, 
do high cure temperatures favour the reaction of sulphur 
direc'tlY with the' rubber chains to form abundant cyclic sulphides 
or complex types of vicinal crosslinks (I)1 It is of interest 
that the reaction of sulphur with olefin at a temperature of 
2000 C and above favours the intramolecular sulphurationand 
'dehYdrogena,tion158• However, the following, experimen tal evidence 
does not support the effective occurrence of an 'unaccelerated' 
mechanism in the present CBS-accelerated systems:-
(a) It has been established that the extent of chain 
scission in the unaccelerated sUlphur vulcanization is 
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appreciable, and increases as vulcanization proceeds30 • The 
sol-gel results (Chapter 7) showed that there is negligible 
chain sCission, even at 180-2000 C. 
(b) From the results of sulphuration of model olefins, 
it ,is to be expected' that' the hydrocarbon strUcture 
,- ' 
of th~ crosslinks formed in the accelerated sulphur systems 
is essentially dialkenyl, whereas the alkenyl t-alkyl sulphides 
are the typical crosslinks for unaccelerated sulphur system26• 
, 
Judging from the present results of chemical crosslink types 
(Chapter 4), one may qualitatively deduce the presence or 
absence of the crosslinks of alkenyl t-alkyl structures in 
the following manner: Campbell reported that disulphides'having 
the alkenyl t-alkyl structure (e.g. t-butyl 1,3-dimethyl but-
2-enyl disulphides) are less susceptible to cleavage by the 
reactio,n ,0 f n-hexanethiol (1.0M) in piperidine than the di-
alkenyl disulphides59,6~. In the light of this finding, if the 
unaccelerated SUlphur vulcanization is operative at high cure 
temperatures, the alkenyl t-alkyl will not be completely Cleaved 
under the probe treatment; this would lead to an overestimate 
of monosulphidic crosslink concentration. However, the present 
resul ts of crosslink types (Table 13, Chapter 4) do not show 
any tendency for monosulphidic crosslinks formed at l80-2000 C 
to increase at all. Hence, the crosslinks formed at high cure 
temperature must be still essentially dialkenyl. 
(c) Porter's results of 2-methylpent~2-ene ,sulphurations 
wi th the conventional CBS-accelerated syste'm at '14Q°ej .and l600 C 
(Table 29) show the absence of methyl pentyl groups, suggesting 
that less than 2% could have been present, ,( private communication). 
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TABLE 29 
Sulphuration of 2-methylpent-2~ene with the conventional 
CBS-accelerated system (M. Porter's results, private communication) 
Reagents (parts by wt.) 
S8(2.5), CBs(0.6) ,ZnO(5.0) 
propionic acid (0.53) 
S8(2.5),CBS(0.6).ZnO(5. 0 ) 
propionic acid (0.53) 
140 
" 
160 
Time* %BS-
(h) 
2.0 _ 50 
0.67 46 
(* All experiments were carried out for times to give a 
maximum yield of crosslinked products.) 
%AS-
50 
54 
The above results prove that a higher reaction temperature of 
1600 q does not favour the formation of alkenyl t-alkyl SUlphides. 
This provides definite evidence that unaccelerated sulphuration 
does not intrude in the present CBS-accelerated systems up 
to 1600 C. Similar evidence at temperatures higher than 1600 C 
has unfortunately not been obtained. Nevertheless, there is 
strong evidence that unaccelerated sulphuration cannot be 
operative to any large extent at least up to 2000 C, otherlvise 
the presence of alkenyl t-alkyl sulphides should have been 
detected in the results at 1600 C. 
(d) Figure 39 shows a comparisfon of the curing behaviour, 
of the CBS-accelerated and the unaccelerated systems at 1800 C. 
These results were obtained using the Monsanto rheometer. 
They prove that the rate of an unaccelerated sulphur vulcan-
ization, if it is operative, is exceedingly slow and it is 
unlikely to compete effectively with the much faster rate 
of the CBS-accelerated system. Furthermore, the curing beha-
viour of the accelerated system shows a typical scorch-:-delayed 
,- --100r-~~--~------------------~-----------------------------. 
5 11 12 
NR "" 100 100 " 100 
80 
S.A. "1 1 1 
FLECTOL H" 2 2 2 
ZnO 5 5 
tf) 
.r-. "S 2.5 2.5 2.5 
z60 
:J 
CBS D.E{) 
L1J >-" 
::> '" N 
Cl 
n::: 
~40 11 
on::: 
w 
I-
w 
520 
tu 
:c 
er:: 
10 20 CURE TIME (minJ 30 
Figure 39 - Rheographs (:-lonsanto) of unacceleratcd and acceleI"3ted sulphur NU mixes at 180°C 
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period followed by a rapid rate of cross1inking, indicating 
that the unacce1erated sulphur vulcanization is not important 
at 1800 C. 
The conclusion, therefore, iS,that the mechanism of 
unaccelerated SUlphur vulcanization cannot be responsible 
for the observed network structures formed at 140-2000 C, 
as established in this work. 
9.7 Conclusions 
The mechanistic interpretation of network changes with 
vulcanization temperature, established in the present work, reveals 
that once the po1ysu1phidic cross1inks are formed, the influence 
of cure temperature on the maturing reactions of po1ysu1phidic 
cross1inks plays an important role in governing the structures 
formed in the network. The different rates of the matu~ing reactions, 
namely desu1phuration and decomposition, depend on the formation 
of cross1inks at either backbone c(-methy1enic carbon atom or side-
chain methy1ic carbon atom of the rubber hydrocarbon of NR. But 
these maturing reactions of po1ysu1phidic cross1inks are not 
solely responsible for the network structures formed at high cure 
temperatures. It may be that, at higher cure temperatures, fewer 
po1ysu1phidic cross1inks are initially formed because Ca) part of 
the coordinated complexes of 2MBT are dissociated and Cb) the di-
and po1y-su1phidic species of pendent accelerator groups are 
thermally decomposed, or undergo desu1phuration to form unreactive 
monosu1phidic species before they can be utilised in cross1inking. 
The possibility of the intrusion of an unacce1erated sulphur vul-
canization mechanism at higher cure temperatures has been 
critically assessed and concluded 'to be insignificant in vulcan-
ization at 1e,ast up to 2000 C. 
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